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Aluminum chemistry and toxicity are significantly affected by water quality. 
Due to concerns about aluminum mobilization from terrestrial  to  aquatic 
environments via acid precipitation most studies have been conducted in the 
neutral to acidic pH range. This study investigated 1) pH, hardness and humic 
acid modulation of aluminum toxicity to rainbow trout and 2) aluminum effects on 
gill permeability and Ca2+ binding in trout acclimated to high and low hardness. 
Juvenile rainbow trout were exposed for either 96-h or 16-d to various 
aluminum  and  hardness  concentrations  or  aluminum  and  humic  acid 
concentrations at weakly alkaline (WA) and near neutral (NN) pH.  Aluminum-
induced mortality was higher at WA than at NN pH, which was attributed to up to 
10-fold higher soluble (filterable) aluminum concentrations at WA pH than at NN 
pH.  Growth rates were higher in 16-d hardness tests for trout exposed to 
aluminum at WA pH than for those exposed to similar aluminum concentrations at 
NN pH. 
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CHAPTER I.  INTRODUCTION
 
Aluminum is the most common metal in the earths' crust but due to low 
water solubility at cricumneutral pH, natural waters often contain low aluminum 
concentrations (Burrows 1977). However, elevated aluminum concentrations in 
surface waters are possible through aluminum mobilization from terrestrial to 
aquatic environments via acidic precipitation (Haines 1981). Consequently, a 
large proportion of aluminum toxicity data has been generated from studies 
conducted in the neutral to acidic pH range. 
Aluminum chemistry and toxicity are significantly affected by water 
quality, particularly pH, dissolved organic carbon and hardness (Driscoll et al. 
1980; Brown 1983; Ingersoll et al. 1985; Booth et al. 1988; Play le et al. 1989). 
Aluminum hydroxide complexes are presumed to be the primary toxic forms of 
aluminum to fish at low pH (Driscoll et al. 1980 and Baker; Schofield 1982). 
Studies at neutral and acidic pH have shown that aluminum toxicity to 
freshwater fish can be attenuated by increasing dissolved organic carbon 
concentrations (ie. humic and fulvic acids) in exposure water (Burrows 1977; 
Neville 1985). 2 
Reduced toxicity appears to be due to metal complexation by dissolved organic 
carbon components (Martell and Motekaitis 1989), resulting in reduced bio­
availability. 
Hardness ions (Mg2+ and Ca2+) attenuate aluminum toxicity at neutral 
and acidic pH, although the mechanism of protection differs from that of 
dissolved organic carbon. The proposed mechanism involves a competition 
between aluminum ions and Ca2+ for binding sites on fish gills (Reid et al. 
1991). The binding of Ca2+ to these sites is important for maintaining proper 
branchial ionoregulatory and permeability properties (Hunn 1985). The 
observed loss of plasma ions in fish exposed to low pH and aluminum may be 
due to displacement of Ca2+ from these gill binding sites (McDonald et al. 
1983; Booth et al. 1988). 
Contrasting efforts studying aluminum toxicity at low pH, little is known 
about environmental modulators of aluminum toxicity at neutral to alkaline pH. 
Studies looking at specific mechanisms of toxicity involving interactions between 
aluminum and water quality, and their influence on branchial physiology are 
particularly scarce. 
Government agencies (USEPA 1988; The Ontario Ministry of the 
Environment 1988) have issued water quality criteria for aluminum over a broad 
pH range (6.5 - 9.0), largely based on laboratory toxicity tests at neutral and 
acidic pH. 3 
These criteria are based on "total aluminum" concentrations due to the 
uncertainty as to which aluminum species are most toxic and the paucity of 
toxicity data showing a relationship between water quality and aluminum toxicity. 
Based on this lack of toxicity data in the neutral to alkaline pH range, 
particularly information regarding specific biological and physiological effects, 
the purpose of these studies are to provide additional understanding in this 
area. Specifically, biological and physiological studies on pH, humic acid and 
hardness modulation of aluminum toxicity to rainbow trout were examined. 4 
CHAPTER II.	  pH, HARDNESS AND HUMIC ACID INFLUENCE 
ALUMINUM TOXICITY TO RAINBOW TROUT 
(ONCORHYNCHUS MYKISS) IN WEAKLY ALKALINE 
WATERS1 
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1 Published in Canadian Journal of Fisheries and Aquatic Sciences, Volume 51,
 
pp. 1345  1355, 1994.
 5 
ABSTRACT 
Juvenile rainbow trout were exposed for either 96-h (acute) or 16-d 
(subacute) to various combinations of aluminum and hardness concentrations 
or aluminum and humic acid concentrations between pH 7.14 and 8.58. 
Aluminum-induced mortality was higher at weakly alkaline pH (7.95 to 8.58) than 
near neutral pH (7.14 to 7.64). The higher toxicity was attributed to up to 10­
fold higher filterable aluminum concentrations at weakly alkaline pH than at near 
neutral pH. Growth rates were higher in 16-d hardness tests for trout exposed 
to aluminum at weakly alkaline pH (0.188 to 1.600% of initial weightad-1) than 
for those exposed to similar aluminum concentrations at near neutral pH (-0.535 
to 0.756% of initial weight-d-1). This suggested polymeric and colloidal forms of 
aluminum were more potent than soluble forms in restricting growth. Hardness 
and humic acid appeared most protective to trout against subacute aluminum 
toxicity. Cumulative percent mortality of trout exposed to 1.50 mg aluminum.: 
1  -1 at 103 or 20 mg L-1 hardness as CaCO3 was 10 and 45% respectively. 
Hardness did not significantly protect against aluminum-induced growth 
inhibition. Higher specific growth rates and decreased mortality were observed 
in trout exposed for 16-d to aluminum (0.53 to 2.56 mg-I:1) and humic acid 
(4.31 to 5.23 mgL-1) compared to those exposed to aluminum and no humic 
acid at weakly alkaline and near neutral pH. 6 
INTRODUCTION 
The chemistry and toxicity of aluminum in aquatic environments are 
significantly affected by pH, dissolved organic carbon (DOC) and hardness 
(Driscoll et al. 1980; Brown 1983; Ingersoll et al. 1985; Booth et al. 1988; Play le 
et al. 1989). Aluminum toxicity to aquatic organisms is related to its solubility 
and chemical speciation; two properties largely dependent on pH (Burrows 
1977; Ontario Ministry of the Environment 1988; Martell and Motekais 1989). A 
large proportion of aluminum toxicity data has been generated from studies 
conducted in the neutral to acidic pH range, partially due to the concern over 
mobilization of aluminum from the terrestrial to the aquatic environment by acid 
rain (Haines 1981). Aluminum hydroxide complexes are presumed to be the 
primary toxic forms of aluminum to fish at low pH (Driscoll et al. 1980; Baker 
and Schofield 1982) due to interactions of these complexes with gill tissue 
resulting in impaired ionoregulatory and respiratory function (Neville 1985; 
Youson and Neville 1987; Neville and Campbell 1988; McDonald et al. 1991; 
Reid et al. 1991). 
Studies at neutral and acidic pH have shown that aluminum toxicity to 
freshwater fish can be attenuated by increasing DOC concentrations in 
exposure water (Burrows 1977; Neville 1985). Humic substances are a major 
component of dissolved organic carbon in natural waters and complex metal 
ions including aluminum (Stevenson and Vance 1989; Martell and Motekaitis 7 
1989) which may result in decreased availability of toxic aluminum species to 
the gills of aquatic organisms. In 6 d exposure at pH 4.5 Neville (1985) 
observed similar mortality in rainbow trout exposed to 12.2 uM aluminum and 
approximately 10 mg.L.:1 DOC and those exposed to 2.6 AM aluminum without 
DOC. 
Hardness (Mg2+ and Ca2+) has also been implicated in reducing aluminum 
toxicity at neutral and acidic pH, although these effects are not due to 
complexation of aluminum species. Binding of calcium to the gill surface of fish 
appears to be essential for proper maintenance of ionoregulatory systems 
(reviewed by Hunn 1985). Displacement of calcium from these sites by 
aluminum and H+ has been proposed, partially due to the higher affinity of 
cationic aluminum species for these sites (Reid et al. 1991). The observed loss 
of electrolytes in fish exposed to low pH and aluminum may be due to the 
displacement of calcium from the gill surface, which presumably could be 
reduced by increasing the calcium concentration in the exposure medium 
(McDonald et al. 1983; Booth et al. 1988). 
In contrast to the large number of studies conducted on aluminum toxicity at 
acidic pH, relatively few studies have been conducted at alkaline pH, particularly 
studies on modulation of aluminum toxicity by major water quality parameters. 
Freeman and Everhart (1971) examined the effects of aluminum on rainbow 
trout at pH 7.0, 8.0, 8.5 and 9.0, and found that dissolved aluminum 
concentration increased with pH above pH 7.0 and dissolved concentrations 8 
exceeding 1.5 mg-L-1 caused extreme physiological aberrations and acute 
mortality. Notwithstanding limited aluminum toxicity data for aquatic organisms, 
including modulation by DOC and hardness at alkaline pH, government 
agencies have issued criteria which include the alkaline pH range. 
The current U.S. Water Quality Criteria for aluminum (USEPA 1988) from pH 
6.5 to 9.0 is largely based on laboratory toxicity tests with aquatic animals at 
neutral and acidic pH. The Ontario Ministry of the Environment (O.M.O.E. 1988) 
has issued a criterion for pH 6.5 to 9.0 based on "total aluminum 
concentrations". Total aluminum was used due to the uncertainty as to which 
aluminum species are most toxic and the lack of toxicity data showing a 
relationship between pH and aluminum toxicity. Additionally the O.M.O.E. 
recommended that the effects of DOC on aluminum toxicity at pH 6.5 to 9.0 
should be studied. Clearly the lack of data in the alkaline pH range has made it 
difficult for these agencies to issue more defined criteria at the circumneutral to 
alkaline pH range. 
Given the significant effects of DOC and hardness on aluminum chemistry 
and toxicity at neutral and acidic pH, and the paucity of studies looking at these 
effects on aluminum toxicity at alkaline pH, extrapolations from acidic and 
neutral to alkaline pH ranges may be inappropriate. We therefore determined 
the effects of humic acid and hardness on acute and subacute aluminum 9 
toxicity in flow-through laboratory tests with juvenile rainbow trout in the neutral 
to alkaline pH range. Mortality and growth were chosen as endpoints of 
toxicity. 10 
METHODS 
Animals 
Juvenile rainbow trout of both sexes (1-3 g) were obtained from the Oregon 
State University Marine and Freshwater Biomedical Center Core Facility and 
held in 300 L fiberglass holding tanks supplied with running well water (14 ± 
0.5°C; hardness = 130 mgL-1 as CaCO3). Fish were under a 12 h light/dark 
photoperiod and fed Oregon Test Diet (Sinnhuber et al. 1977) ad libitum until 24 
h prior to acute tests and 48 h prior to subacute tests when food was withheld. 
Experimental Protocol 
The basic experimental approach involved two experimental series 
exposing juvenile rainbow trout to varying aluminum concentrations and (1) 
hardness and (2) humic acid concentrations. Each experimental series (humic 
acid or hardness tests) consisted of replicated 96 h acute and duplicated 16 d 
subacute tests in which fish were exposed to one pH (8.3 or 7.3) in each 
experiment. Nominal pH values of 8.3 and 7.3 were tested for each set of 
experimental conditions and through-out the paper are referred to as weakly 
alkaline and near neutral pH respectively. Nominal aluminum exposure 
concentrations for acute tests (0, 1, 2, 4 and 8 mg L-1) and subacute tests 11 
(0, 1, 2 and 4 mgL-1) were determined from preliminary flow-through tests 
using varying aluminum concentrations and hardness at pH 8.3. 
Fish were exposed using a continuous flow-through exposure system, which 
enabled us to test 4 aluminum concentrations plus control at either 4 hardness 
or 4 humic acid concentrations (20 total treatments replicated for each pH 
tested) in 96 h acute tests. Three aluminum concentrations plus control at 
either 2 hardness or 2 humic acid concentrations (8 treatments in duplicate) 
were tested in subacute tests. Ten fish were placed into each aquarium 
receiving flow containing the proper exposure solution (14 ± 0.5°C) for all 
toxicity tests, and flow rates into aquaria (20 L total volume) were maintained at 
100 ml-min-1 resulting in a volume replacement time of 3.3 h. 
Toxicity Tests 
Well water was processed by reverse osmosis (RO) reducing total dissolved 
solids by about 95% (hardness 8-12 mg-L-1 as CaCO3), and was subsequently 
pumped into four 3600 L fiberglass storage tanks (Fig. 1.1).  Prior to toxicity 
tests storage tank water was reconstituted to the proper chemical composition. 
A circulation pump ensured proper mixing of solutions in each storage tank for 
both acute and subacute tests. The electrolyte composition of water in the 
aluminum and dilution water storage tanks was 80 mg-L-1 NaHCO3, 4 mg-L-1 
KCI, 10 mg-L-1 CaSO4 and 5 mg-L-1 MgSO4. The aluminum storage tank was 
maintained at 16 mg-L-1 aluminum (as AlC13). The electrolyte composition of 12 
3600 L STORAGE TANKS 
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Humic acid or High ,  *I.-Dilution/Electrolyte
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Figure 1.1	  Schematic of the exposure apparatus used for flow-through 
exposures of rainbow trout to aluminum and varying  hardness or 
humic acid concentration. 13 
"1 
the high hardness stock tank was 80 mg-L-1 NaHCO3, 4 mg L  KCI, 240 
CaSO4 and 120 mg L"1 MgSO4 for acute toxicity tests, with the CaSO4 
and MgSO4 concentrations changed to 200 and 100 mg-L-1 respectively, for 
subacute tests. The humic acid stock tank had the same electrolyte 
composition as the dilution water storage tank and a humic acid (Aldrich 
Chemical Co.) concentration of 10 mg L"1 for both acute and subacute tests. 
Three storage tanks were equipped with delivery lines in which reconstituted 
water was pumped into three head boxes (aluminum solution, 
dilution/electrolyte solution and either high hardness or concentrated humic 
acid solution). A fourth head box received water from the dilution/electrolyte 
line and either the high hardness or concentrated humic acid line, resulting in 
water of moderate hardness or humic acid concentration. The fourth storage 
tank served as a reservoir in which RO water could be reconstituted to the 
desired chemical composition and pumped into the other storage tanks. A full 
aluminum storage tank lasted for an entire experiment (acute or subacute) 
whereas the other tanks had to be refilled approximately every 3 to 4 d. The 
aluminum stock tank was maintained at pH 9.0 with 1 N NaOH to keep soluble 
aluminum concentrations at maximum levels for all tests. Water from the 
aluminum stock line was neutralized to pH 7.3 ± 0.1 in the head box by an 
automated CO2 delivery system for all experiments conducted at pH 7.3. The 
influence of CO2 on alkalinity was presumed to be minimal in most aquaria due 
to contributions of flow from this line into aquaria being less than 25% of the 14 
total flow. Aquaria in acute tests at 8 mg aluminum L-1 (nominal) received 
approximately 50% of their total flow from the aluminum line which could have 
increased alkalinity and subsequently the buffering capacity of the water. This 
increased buffering capacity could have possibly influenced aluminum 
interactions at the gills of exposed fish (Neville 1985; Neville and Campbell 
1988; Play le and Wood 1989a and Play le and Wood 1989b), although no effects 
on aluminum toxicity to fish were observed. Solutions in all other storage tanks 
were adjusted to pH 8.70 ± 0.15 (1N NaOH) and 7.00 ± 0.15 (1 N HCL) every 
24 h for experiments conducted at weakly alkaline and near neutral pH 
respectively. 
A continuous-flow Chadwick-type diluter (Chadwick et al. 1972) was 
modified to mix flows from four delivery lines which originated from the four 
head boxes (Fig. 1); the aluminum stock, the dilution water and depending on 
the test, either the high and low hardness or the high and low humic acid stock 
lines. Combinations of flow from these four lines provided four aluminum 
concentrations (1,2,4 and 8 mgL-1) plus control at either four hardness 
concentrations (10, 30, 80 and 120 mg-L-1 as CaCO3) or four humic acid 
concentrations (1.25, 2.50, 5.00 and 10.00 mg1:1) for 96-h acute tests. Flows 
could also be combined to provide three aluminum concentrations (1, 2 and 4 
mgI.:1)plus control at either two hardness concentrations (10 and 100 mg-L-1 
as CaCO3) for 16-d subacute tests. Aluminum concentrations were lowered in 15 
subacute tests (0.5, 1 and 2 mg-L-1) using humic acid (0 and 5 mg-L-1), in 
order to reduce mortality and better determine aluminum effects on growth. 
Temperature, pH and dissolved oxygen measurements were taken daily 
from aquaria in acute and subacute tests and aluminum samples and either 
hardness or humic acid determinations were taken every 48 h (acute tests) or 
every 96 h (subacute tests). Aluminum concentrations were determined by 
absorbance spectrophotometry using the catechol method (Dougan and Wilson 
1974). Total aluminum was determined in samples taken directly from exposure 
tanks. The filterable aluminum fraction was determined after passage through 
a 0.4 Am polycarbonate filter.  Total hardness was determined using the EDTA 
titrimetric method as described in Standard Methods (1985) and humic acid 
concentrations were confirmed during toxicity tests by UV absorption at 310 nm 
compared to standards (Oris et al. 1990). 
Growth measurements were obtained for each individual fish in subacute 
tests. Seven days prior to the start of subacute tests, fish were anesthetized 
with MS-222 (pH 7.0) and cold branded with marking tools chilled in an 
acetone-dry ice bath (Groves and Novotny 1965). Fish weights were taken 
when the subacute tests were initiated and initial dry weights of these fish were 
calculated from a sample of 10 branded fish not used in the test. These fish 
were killed in a solution of MS-222 for initial wet weight determinations and were 
subsequently dried at 70 °C for 96 h and reweighed to determine initial percent 
dry weight of test fish.  During subacute tests fish in each exposure tank were 16 
fed an 8% ration of Oregon Test Diet daily (based on dry weights) and uneaten 
food was collected each day (siphoned through a net) to determine net 
consumption. The relatively large food pellets were separated from feces and 
frozen until the end of the experiment where uneaten food from each tank was 
dried at 70 °C for 96 h and weighed to determine dry weight for net 
consumption determinations. Fish surviving the 16 d subacute tests were killed 
in MS-222, dried at 70 °C for 96 h, and weighed. Specific growth rates (SGR) 
of individual fish were determined as described by Sadler and Lynam, (1987): 
SGR = 100 X (In final dry weight - In initial dry weight) 
time (days) 
Statistics 
Toxicity was analyzed using the trimmed Spearman-Karber method for 96-h 
and 16-d LC50 determinations (Hamilton et al. 1977) and pairs of LC5Os were 
considered different when confidence limits did not overlap and when the ratio 
between the greater and lesser LC50 exceeded the calculated f ratio (Litchfield 
and Wilcoxon 1949). Statgraphics (1986) and SAS (1985) PC-software was 
used for statistical analysis. One-way analysis of variance (ANOVA) was used 
to compare mean water quality variables and mean specific growth rates 
between and within groups. Correlations were determined between growth and 
aluminum concentration from linear regression analysis.  Multiple linear 
regression analysis was used to determine which independent variables 17 
(measured average concentrations of total and filterable aluminum, hardness 
and humic acid) were involved in the best fitting model for predicting specific 
growth rate and mortality. Specific growth rate was weighted based on the 
number of individuals used to calculate average values. Best fitting models 
were determined by examining r2 values and Cp statistics, and in some 
instances by starting with the full regression model and eliminating independent 
variables until an insignificant reduction in the residual mean square resulted. 
Ultimately, the full regression model with all independent variables and their 
interactions was reduced to yield the simplest model for predicting mortality or 
growth. Significance level was set at p < 0.05 for all analysis. 18 
RESULTS 
Hardness and pH Effects on Aluminum Toxicity 
There was some variability in the average pH between tanks maintained at 
different aluminum concentrations, particularly between controls and those 
maintained at the highest aluminum concentration in acute tests run at weakly 
alkaline pH (Tables 1.1 and 1.4).  This pH variability was likely due to the high pH 
of the aluminum stock as exposure tanks receiving the greatest flow from this 
line had the highest pH values. Less pH variability was observed in tests run at 
near neutral pH (Tables 1.2  1.4), which was attributed to the use of an 
automated CO2 delivery system which maintained pH 7.3 + 0.1 of the aluminum 
stock entering aquaria. Some total aluminum sample concentrations in acute 
tests at weakly alkaline pH were higher than expected, particularly in exposure 
tanks maintained at the highest aluminum concentrations (Tables 1.1 and 1.3). 
The occurrence of these higher than expected values may be due to the heavy 
accumulation of fish mucous and precipitated aluminum. Filterable aluminum 
was highest in exposure tanks receiving the most aluminum  in tests run at 
weakly alkaline pH and these higher filterable concentrations were likely due to 
the average pH being higher in these tanks (Tables 1.1 and 1.3). Total hardness 
was higher than expected in some aquaria particularly those maintained at the 
lowest hardness. These values may be due to contributions of hardness from 
the RO water (8 -12 mg-L-1 as CaCO3). 19 
Table 1.1  Summary of test conditions and percent survival in exposure tanks 
for 96-h exposures to varying hardness and aluminum 
concentration at weakly alkaline pH. The mean pH and aluminum 
concentrations were not significantly different (p > 0.05) between 
exposure tanks maintained at different hardness and the same 
nominal aluminum concentration (shown in superscript). 
Aluminum 
Total  Percent 
pH  Hardness  Total  Filterable  Survival 
7.97 + 0.03  23.1 + 0.1  <0.01°  <0.01  100 
8.02 + 0.03  34.2 + 3.9  <0.01°  <0.01  100 
8.06 ± 0.04  83.3 ± 4.4  <0.01°  <0.01  100 
8.06 + 0.03  112.5 + 6.1  <0.01°  <0.01  100 
8.12 + 0.02  21.9 + 0.7  0.81 ±0.301  0.11 ±0.04  100 
8.10 + 0.03  33.1 +3.5  1.02 + 0.25'  0.09 + 0.04  100 
8.23 + 0.03  84.2 + 4.3  0.91 ±0.071  0.16 + 0.03  100 
8.25 + 0.02  114.5 + 6.7  1.05 + 0.09'  0.20 + 0.02  100 
8.22 + 0.03  22.9 + 2.3  1.86 + 0.472  0.18 + 0.08  100 
8.20 ± 0.03  33.9 ± 4.0  2.04 ± 0.572  0.21 ± 0.05  100 
8.23 + 0.04  84.2 + 4.5  1.92 + 0.712  0.16 + 0.03  100 
8.25 + 0.03  114.5 + 5.3  1.68 + 0.592  0.20 + 0.10  100 
8.34 + 0.03  23.4 + 2.5  3.73 + 0.754  0.42 + 0.18  85 
8.36 + 0.03  36.3 + 3.2  4.32 + 1.124  0.46 + 0.15  85 
8.36 + 0.03  83.0 + 4.7  4.17 + 1.124  0.42 + 0.14  95 
8.33 + 0.03  118.4 + 5.4  3.94+ 1.494  0.52 + 0.13  100 
0 8.58 + 0.02  24.6 + 2.8  11.96± 1.698  1.00 + 0.14 
5 8.58 + 0.02  37.7 + 3.3  9.33 + 0.888  0.94 + 0.15 
35 8.56 + 0.02  83.3 ± 5.0  7.95 ± 0.738  0.88 ± 0.17 
15 8.56 + 0.02  120.2 + 6.1  9.85 + 0.068  0.90 + 0.08 20 
Table 1.2	  Summary of test conditions in exposure tanks for 96-h exposures to 
varying hardness and aluminum concentration at near neutral pH. 
The mean pH and aluminum concentrations were not significantly 
different (p > 0.05) between exposure tanks maintained at different 
hardness and the same nominal aluminum concentration (shown in 
superscript). 
Aluminum 
pH  Hardness  Total  Filterable 
7.60  + 0.04  25.6 + 2.4  <0.01°  <0.01 
7.55  +0.03  46.4 + 2.1  <0.01°  <0.01 
7.58  + 0.03  86.6  + 4.7  <0.01°  <0.01 
7.60  + 0.03  124.8  + 7.7  <0.01°  <0.01 
7.62  + 0.04  25.3  + 2.9  0.74  + 0.16'  0.14  + 0.05 
7.60  + 0.03  45.8+ 1.5  0.78  + 0.11'  0.09  + 0.01 
7.60  + 0.04  86.8  + 4.6  0.72  + 0.06'  0.10  + 0.01 
7.60  + 0.03  126.0  + 6.1  1.08  + 0.20'  0.10  + 0.01 
7.64  + 0.03  25.6  + 2.5  2.12  + 0.332  0.14  + 0.05 
7.62  + 0.03  45.6  + 1.8  2.06  + 0.302  0.12  + 0.02 
7.62  + 0.03  87.5  + 4.0  1.68 + 0.062  0.12  + 0.02 
7.64  + 0.03  127.6  + 6.4  1.73  + 0.122  0.11  +0.01 
7.63  + 0.04  25.6  + 2.8  4.30  + 0.324  0.15  + 0.04 
7.62  + 0.03  44.6  + 1.0  4.06  + 0.534  0.13  + 0.02 
7.61  +0.03  86.9  + 2.6  4.71  +0.51°  0.11  +0.01 
7.60  + 0.03  128.0  + 5.3  4.64  + 0.704  0.15  + 0.02 
7.58  + 0.03  27.4  + 2.1  9.84  + 0.478  0.17  + 0.05 
7.62  + 0.03  45.2  + 2.7  8.07  + 0.928  0.15  + 0.03 
7.58  + 0.04  89.5  + 4.8  8.16  + 0.798  0.14  + 0.02 
7.58  + 0.04  130.4  + 6.9  8.20  + 1.148  0.16  + 0.04 Table 1.3	  Summary of test conditions in exposure tanks and specific growth rates (SGR = % of initial weight t1-1), average 
initial wet weights (g) and consumption (% food ration consumed) of surviving rainbow trout for 16 d exposures 
to varying hardness and aluminum concentrations at near neutral and weakly alkaline pH.  aSignificantly different 
(p < 0.05) from corresponding control. 
Total  Aluminum  %  Cumulative  Initial 
pH  Hardness  Total  Filterable  Mortality  Wet Weight  SGR  Consumption 
7.97 ± 0.04  19.9 ± 1.1  <0.01°  <0.01  0  2.744  1.706 ± 0.242  100 
7.94 ± 0.03  103.8 + 2.3  <0.01°  <0.01  0  3.191  1.715 ± 0.349  100 
7.98 ± 0.04  19.9 ± 1.4  0.83 + 0.14'  0.06 ± 0.01  10  2.908  1.570 ± 0.148  100 
7.98 + 0.03  103.5 ± 1.7  0.74 ± 0.07'  0.06 ± 0.01  5  2.822  1.600 + 0.173  100 
8.05 ± 0.04  20.6 ± 0.8  1.49 + 0.152  0.14 ± 0.02  45  2.776  1.223 ± 0.156  82 
8.02 ± 0.04  102.1 ± 1.9  1.52 ± 0.252  0.16 ± 0.04  10  2.880  0.852 + 0.246  93 
8.14 ± 0.05  20.3 ± 0.6  3.20 + 0.224  0.26 ± 0.04  75  2.808  0.118  +  0.515a  69 
8.10 ± 0.04  103.4 ± 1.3  2.75 ± 0.234  0.28 ± 0.04  45  2.802  0.288 ± 0.268a  66 
7.31 + 0.02  16.8 + 2.1  <0.01°  <0.01  0  2.546  1.486 ± 0.156  100 
7.30 ± 0.02  87.7 + 2.3  <0.01°  <0.01  0  2.232  1.522 ± 0.200  100 
7.33 + 0.02  15.0 ± 1.2  0.89 ± 0.10'  0.02 ± 0.00  10  2.554  0.088 ± 0.1708  72 
7.33 ± 0.01  84.8 ± 3.1  0.94 ± 0.06'  0.02 ± 0.00  10  2.634  0.756 ± 0.0798  86 
7.35 + 0.02  16.9 + 1.4  2.11 + 0.102  0.02 + 0.00  15  2.312  -0.524 + 0.286a  58 
7.33 ± 0.02  85.6 ± 2.6  1.88 ± 0.072  0.03 ± 0.01  0  2.704  -0.535 ± 0.286a  70 
7.34 ± 0.02  16.3 ± 0.9  4.49 ± 0.384  0.02 + 0.00  15  2.490  -0.380 ± 0.1958  68 
7.32 ± 0.02  84.1 + 2.2  4.56 + 0.424  0.03 + 0.00  10  2.366  -0.202 + 0.282a  70 
tv 22 
Table 1.4	  Summary of test conditions and percent survival in exposure tanks for 
96-h exposures to varying humic acid and aluminum concentration at 
weakly alkaline pH. The mean pH and aluminum concentrations were 
not significantly different (p > 0.05) between exposure tanks maintained 
at different humic acid and the same nominal aluminum concentration 
(shown in superscript). 
Humic  Aluminum  Percent 
pH  Acid  Total  Filterable  Survival 
8.06 + 0.06  0.92  + 0.08  <0.01°  <0.01  100 
8.05  + 0.06  2.24  + 0.05  <0.01°  <0.01  100 
7.95  + 0.04  6.21  + 0.29  <0.01°  <0.01  100 
7.96 + 0.03  9.72  + 0.03  <0.01°  <0.01  100 
8.11  ± 0.06  1.19 ± 0.22  0.83 ± 0.091  0.14 ± 0.02  100 
8.11  +0.06  2.38  + 0.15  0.86  + 0.051  0.17  + 0.03  100 
8.03  + 0.05  6.48  + 0.24  0.86  + 0.061  0.20  + 0.04  100 
7.98  + 0.04  10.60  + 0.16  1.05  + 0.081  0.21  +0.06  100 
8.17  + 0.06  1.31  +0.14  2.22  + 0.142  0.20  + 0.04  80 
8.13  + 0.05  2.58  + 0.12  2.06  + 0.032  0.28 + 0.04  95 
8.03  + 0.04  6.17  + 0.17  2.10  + 0.132  0.36 + 0.06  75 
8.03  + 0.05  9.57  + 0.17  1.90  + 0.162  0.29  + 0.06  95 
8.03  + 0.05  1.80  + 0.14  5.78  + 0.414  0.43  + 0.07  15 
8.26  + 0.04  2.79  + 0.12  4.60  + 0.404  0.50  + 0.09  85 
8.18  + 0.05  6.91  +0.11  4.86  + 0.464  0.58 + 0.07  75 
8.12  + 0.05  10.15 + 0.14  3.92  + 0.304  0.56 + 0.07  85 
0 8.37  + 0.04  1.60  + 0.33  9.75  + 0.408  0.82  + 0.10 
8.33  + 0.04  3.27  + 0.21  8.82  + 0.908  0.99  + 0.03  0 
0 8.28  + 0.07  7.02  + 0.23  9.80  + 0.958  1.16 + 0.11 
8.26 ± 0.07  10.58 ± 0.29  7.29  + 0.428  1.18 ± 0.07  0 23 
Based on multiple regression analysis pH, was determined to be the most 
important independent variable affecting aluminum-induced mortality in rainbow 
trout in 96-h tests. No mortality occurred in near neutral pH tests, while 
mortality occurred in weakly alkaline pH tests. Percent cumulative mortality of 
trout exposed to aluminum at weakly alkaline pH for 96-h appeared to be only 
slightly influenced by hardness only at the highest aluminum concentrations 
(Table 1.1). These negligible hardness effects were substantiated by 96-h 
LC5Os (Table 1.5) determined for both total and filterable aluminum, in which 
LC5Os were not significantly different from each other at any of the hardness 
concentrations tested. The 96-h LC50 for total aluminum range from 6.17 to 
7.67 mg aluminum-L-1 at average hardness concentrations of 23.2 and 83.6 
mg L -1 as CaCO3 respectively and LC5Os based on filterable aluminum ranged 
from 0.57 to 0.73 mg-L-1 at the same hardness concentrations. 
Multiple regression analysis indicated that mortality was significantly affected 
by all three independent variables, pH, filterable aluminum and hardness 
concentration in the 16 d hardness test run at weakly alkaline pH. Hardness 
ameliorated aluminum-induced trout mortality at weakly alkaline pH in the 16-d 
subacute test (Fig. 1.2).  Percent cumulative mortality of trout exposed to 
average total aluminum concentrations of 1.49 mg L-1 (0.14 mg -LI filterable 
aluminum) and 3.20 mg1:1 (0.26 mgL-1 filterable aluminum) at low hardness 
(< 21 mg-L-1 as CaCO3) was 45 and 75% respectively for the subacute test 
run at weakly alkaline pH. Percent cumulative mortality of fish exposed to 24 
Table 1.5	  LC5Os (in mg-L-1) determined from duplicated 96-h acute tests and 
replicated 16-d subacute tests at weakly alkaline pH. LC5Os were 
determined using the trimmed Spearman-Karber method (lower and 
upper confidence limits shown in parenthesis; NR = not reliable: 
Average hardness and humic acid concentrations in mg-L-1). 
Test 
Acute Hardness 
Average 
Hardness 
23.2 
35.0 
83.6 
115.6 
Subacute Hardness  20.3 
103.0 
Acute Humic Acid 
Average  LC50 Based on 
Humic Acid  Measured Aluminum 
Concentration  Total  Filterable 
6.17  0.57 
(5.33  7.25)  (0.51  0.64) 
6.17  0.61 
(5.31  7.20)  (0.51 - 0.73) 
7.67  0.73 
(6.22 - 9.61)  (0.65 - 0.94) 
6.93  0.67 
(NR)  (NR) 
1.94  0.43 
(1.62 - 2.38)  (0.31  0.61) 
3.91  0.67 
(2.86  8.57)  (0.53 - 1.19) 
1.4  3.75  0.36 
(2.99  4.70)  (0.31 - 0.41) 
2.6  5.43  0.63 
(4.69  6.27)  (0.56  0.70) 
6.6  4.60  0.62 
(3.68 - 5.74)  (0.53  0.72) 
0.79 10.1  5.22 
(4.44 - 6.14)  (0.67 - 0.92) 25 
Figure 1.2	  Cumulative mortality of rainbow trout over 16 d of exposure to 
aluminum (in mgL-1) and high or low hardness (in mg1:1 as 
CaCO3) at weakly alkaline pH. 100
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average total aluminum concentrations of 1.52 mgL-1 (0.16 mgL-1 filterable 
aluminum) and 2.75 mg-L-1 (0.28 mg-L-1 filterable aluminum) at high hardness 
(>102 mg-L-1 as CaCO3) was 10 and 45% respectively.  Protective effects of 
hardness on aluminum toxicity to rainbow trout at weakly alkaline pH were also 
indicated by the hardness influence on 16-d LC5Os (Table 1.5). The LC50 
increased 200% for total aluminum and 55% for filterable aluminum with a 5-fold 
increase in hardness (20.3  103.0 mg-L-1 as CaCO3). Lower percent 
cumulative mortality was observed (12% of 160 fish tested) in the 16-d test at 
near neutral compared to the test run at weakly alkaline pH (23% of 160 fish 
tested). Additionally, mortality was not concentration dependent and not 
observed until day 11 in the near neutral pH test compared to mortality being 
concentration dependent and occurring on day 1 in the alkaline pH test (Table 
1.3). 
Multiple regression analysis of 16-d hardness test results indicated that at 
both weakly alkaline and near neutral pH the best fitting model for predicting 
SGR involved the independent variables total and filterable aluminum 
concentration and pH. Contrary to mortality results in the 16-d hardness tests, 
growth was affected most by aluminum at near neutral pH (Table 1.3) with no 
apparent effects of hardness on growth at either tested pH. The specific 
growth rate (SGR) for juvenile rainbow trout at near neutral pH was significantly 
reduced (p<0.05) in all aluminum exposures as compared to controls, and 
growth at the two highest total aluminum concentrations was significantly slower 28 
than growth at the lowest aluminum concentration. Growth was significantly 
reduced as compared to controls only at the highest aluminum concentration in 
the weakly alkaline pH test. Compared to controls, consumption was reduced 
in all aluminum exposures at near neutral pH and only at the two highest 
aluminum concentrations at weakly alkaline pH. Negative correlations (p <0.05) 
between mean SGR and mean total aluminum concentration at high (r = ­
0.979) and low (r = -0.987) hardness occurred at weakly alkaline pH. Similar 
correlations were determined between SGR and filterable aluminum at high (r = 
-0.987) and low (r = -0.953) hardness. No significant correlations were 
detected at near neutral pH. 
Humic Acid and pH Effects on Aluminum toxicity 
Similar to acute hardness tests, pH varied between controls and high 
aluminum concentrations, and higher than expected measured total aluminum 
concentrations occurred in tanks receiving the most aluminum in 
humic/aluminum combination exposures at weakly alkaline pH (Table 1.4). The 
pH variability was again attributed to the high pH of the aluminum stock and the 
high aluminum concentrations to the high mucous production and precipitation 
of aluminum polymers. 
Survival of rainbow trout exposed to aluminum for 96-h at weakly alkaline 
pH was mildly affected by humic acid (Table 1.4). These humic acid effects 
were particularly apparent at low humic acid exposures and the second highest 29 
aluminum concentration where percent survival was 15% compared to greater 
than 75% survival in fish exposed to higher humic acid concentrations and 
similar aluminum concentrations. No significant effects of humic acid on 
aluminum toxicity at weakly alkaline pH were apparent in 96-h LC50 
determinations based on total aluminum (Table 1.5). Based on filterable 
aluminum, only the LC50 for the lowest humic acid concentration was 
significantly lower than the LC5Os determined for the three higher humic acid 
concentration. Similar to results in acute hardness tests at weakly alkaline pH, 
multiple linear regression analysis determined filterable aluminum concentration 
and pH to be the most important independent variables for the best fitting 
model in predicting trout survival at weakly alkaline pH. 
Humic acid protected against aluminum-induced mortality in the 16-d 
subacute test at weakly alkaline pH (Fig. 1.3).  Percent cumulative mortality of 
rainbow trout was highest in aluminum exposures without humic acid (80, 50 
and 15% for aluminum exposures of 2.34, 1.20 and 0.49 mgL-1 respectively). 
Mortality (15%) occurred only at the highest aluminum concentration (2.04 
mg-L-1 total aluminum) in exposures containing humic acid (Table 1.5).  In spite 
of these results multiple linear regression analysis determined the best fitting 
model to be based on pH and filterable aluminum concentration. Due to low 
mortality of trout exposed to aluminum and humic acid we were unable to 
determine 16-d LC50s. Sixteen-day LC5Os determined for rainbow trout fry 
exposed to aluminum and no humic acid at weakly alkaline pH were 1.18 30 
Figure 1.3	  Cumulative mortality of rainbow trout over 16 d of exposure to 
aluminum (in mg.L.-1), with or without humic acid (in mg L:1) at 
weakly alkaline pH. 61 
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(confidence limits: 0.85 - 1.66) and 0.08 mg L -1 (confidence limits: 0.06  - 0.10) 
for total and filterable aluminum respectively. 
The best fitting model from multiple linear regression analysis for 
determining specific growth rate (SGR) included the independent variables total 
and filterable aluminum concentration, pH and humic acid concentration. SGRs 
for rainbow trout fry were significantly higher (p<0.05) in exposure tanks 
containing humic acid and aluminum compared to tanks with no humic acid and 
similar aluminum concentrations at both near neutral and weakly alkaline pH 
(Table 1.6). Growth rates ranged from 1.048 to 1.314 in exposure tanks 
containing aluminum and humic acid, and from -0.657 to 0.985 in exposure 
tanks containing aluminum without humic acid. Controls (with and without 
humic acid) were not significantly different (p > 0.05) from each other in both 
tests at near neutral and weakly alkaline pH. Growth was not significantly 
different (p>0.05) between control fish and those exposed to humic acid and 
aluminum but was significantly slower (p<0.05) between controls and those 
exposed to aluminum without humic acid at weakly alkaline pH. No significant 
differences (p >0.05) in growth rates were determined between fish exposed to 
aluminum and humic acid and control fish at near neutral pH. Exposure of trout 
to aluminum and no humic acid at near neutral pH, inhibited growth significantly 
(p <0.05) in fish at the two highest aluminum concentrations as compared to 
control fish. Table 1.6  Summary of test conditions in exposure tanks, specific growth rates (SGR = % of initial weightdi), 
average initial wet weights (g) and consumption (% food ration consumed) of surviving rainbow trout for 
the 16 d subacute humic acid and aluminum exposures at near neutral and weakly alkaline pH. Nominal 
aluminum concentrations are shown in superscript. aSignificantly different (p < 0.05) from corresponding 
control. 
Aluminum  % Cumulative  Initial
 
pH  Humic Acid  Total  Filterable  Mortality  Wet Weight  SGR  Consumption
 
1.291 + 0.290  100 8.05 + 0.02  0  <0.01°  <0.01  0  1.984 
8.01 +0.02  4.60 + 0.12  <0.01°  <0.01  0  2.084  1.256 + 0.198  100 
8.05 + 0.02  0  0.49 + 0.105  0.05 + 0.01  15  1.971  -0.044 + 0.177a  93 
8.01 +0.02  5.02 + 0.26  0.62 + 0.193  0.06 + 0.01  0  2.013  1.314 + 0.133  100 
8.07 + 0.02  0  1.20 + 0.32'  0.07 + 0.01  50  2.093  0.108 + 0.181'  93 
8.01 + 0.02  4.88 + 0.14  1.18 + 0.28'  0.08 + 0.01  0  2.052  1.238 + 0.275  100 
8.12 + 0.02  0  2.34 + 0.622  0.13 + 0.01  80  2.004  -0.657 + 0.396'  91 
8.05 + 0.02  5.20 + 0.20  2.04 + 0.422  0.13 + 0.01  15  1.838  1.110 + 0.308  96 
7.18 + 0.03  0  <0.01°  <0.01  0  1.917  1.281 + 0.275  100 
7.15 + 0.03  4.31 + 0.22  <0.01°  <0.01  0  1.806  1.196 + 0.086  100 
7.18 + 0.03  0  0.55 + 0.053  0.06 + 0.01  0  1.808  0.985 + 0.068  100 
7.14 + 0.03  4.90 + 0.12  0.53 + 0.033  0.07 + 0.01  0  1.780  1.257 + 0.068  100 
7.19 + 0.03  0  1.09 + 0.15'  0.08 + 0.02  5  1.875  0.896 + 0.126a  100 
7.14 + 0.03  4.96 + 0.17  1.26 + 0.05'  0.10 + 0.02  0  1.804  1.196 + 0.070  100 
7.20 + 0.03  0  2.64 + 0.182  0.09 + 0.02  0  1.766  0.174 + 0.078a  90 
7.16 + 0.03	  5.23 + 0.17  2.56 + 0.142  0.13 + 0.03  0  1.848  1.048 + 0.096  100 
co 
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DISCUSSION 
Aluminum and pH Effects on Mortality 
The higher than expected total aluminum concentrations measured in acute 
tests at weakly alkaline pH was thought to be due to aluminum precipitation and 
the accumulation of fish mucous. Fish secreted noticeable amounts of mucous 
in tanks maintained at the highest aluminum concentration. Based on the 
cation binding characteristics of fish mucous (Wold and Selset 1977) this 
substance would have a high affinity for aluminum and mucous accumulation in 
aquaria could presumably serve as an aluminum reservoir. Additionally, large 
colloidal forms of aluminum could accumulate at the bottom of exposure tanks 
receiving a large proportion of their flow from the aluminum stock line and 
samples taken prior to daily siphoning could contain some of these aluminum 
deposits. Concentrations of filterable aluminum in acute toxicity tests at weakly 
alkaline and near neutral pH were consistent with theoretical solubility of 
aluminum at respective measured pHs (Fig. 1.4).  It was likely that this filterable 
fraction largely consisted of soluble Al(OH)4 , although colloidal and polymeric 
aluminum particle diameters range between .001 and 1 Am (Bloom and Erich 
1989). Aluminum which passed through a 0.4 Am filter probably included some 
of these colloidal and polymeric forms along with soluble Al(OH)4 .  Filterable 
aluminum exhibited close to equilibrium behavior; the measured values for the 
filterable fraction was reasonably close to that expected for a poorly crystallized 35 
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Figure 1.4	  Plots for theoretical speciation of varying aluminum concentration 
with pH (as log H+). Observed values in 96-h acute tests 
(average pH; 7.6 and 8.3) for filtered aluminum within our 
exposure apparatus are shown. 36 
aluminum, and largely independent of the total aluminum in solution. 
Concentrations of insoluble aluminum in tests at both pH values were higher 
than filterable concentrations.  Filterable aluminum concentrations in acute and 
subacute tests were higher at weakly alkaline pH than at near neutral pH, and 
more mortality was observed at weakly alkaline pH than at near neutral pH. 
Based on these high mortalities at weakly alkaline pH and filterable aluminum 
concentrations near the theoretical solubility where Al(OH)4 is the major soluble 
form, we concluded that soluble Al(OH)4- was largely responsible for the 
observed mortalities. These results were consistent with Freeman and Everhart 
(1971) who determined that onset of aluminum toxicity increased rapidly as pH 
increased from 7.0 to 9.0 and suggested that soluble aluminum was acutely 
toxic to fish.  Call (1984) found little difference in aluminum toxicity to fingerling 
rainbow trout in a static system at pH 7.31 and 8.17. This lack of difference in 
toxicity could have been due to the aging of aluminum solutions (18 d), which 
would favor the formation of insoluble aluminum while concomitantly decreasing 
the concentration of soluble aluminum, the aluminum species we felt was 
responsible for fish mortality. 
In 96-h hardness tests at weakly alkaline pH, hydroxide ion toxicity possibly 
contributed to mortality at the highest aluminum concentrations where the pH 
ranged between 8.56 and 8.58. Percent survival of trout decreased by more 
than 6-fold in all but one of the highest aluminum exposures (filterable 
concentrations ranged between 1.00 and 0.88 mg-L-1) compared to survival of 37 
those exposed to approximately 2-fold lower aluminum concentrations (0.42 to 
0.52 mg-L-1). Similar results were seen in 96-h humic acid tests at weakly 
alkaline pH, suggesting that in acute tests pH could be contributing to mortality 
in addition to aluminum. The lethal limit of alkaline pH exposure for brook trout, 
Salvelinus fontinalis, was estimated to be 9.8 (Daye and Garside 1975) with the 
a pH 9.0 threshold for tissue and cellular damage (Daye and Garside 1976). 
Developmental rate and hatching of Atlantic salmon, Salmo salar, were not 
affected at pH 9.0 (Daye and Garside 1980) and Freeman and Everhart (1971) 
acclimated rainbow trout fingerlings for 8 d at pH levels of 8.5 and 9.0 with 
mortality not exceeding 1%. Contrary to these studies, percent survival of 
rainbow trout exposed to pH 8.7 for 96-h was 43% (Heming and Blumhagen 
1988), although these results were reported for a small number of fish (< 9 
individuals exposed per test condition) that were under some stress due to 
implanted dorsal aortic cannulas. Based on these studies, it appears that 
contributions of pH to trout mortality in our study was minimal.  It was possible, 
however, that pH and aluminum acted synergistically and this resulted in high 
mortalities at the higher pH and aluminum exposures tested. 
Aluminum and pH Effects on Growth 
Aluminum reduced SGR of trout in subacute tests at both pHs tested (Table 
1.3).  Inhibition of SGR occurred at lower total aluminum concentrations at near 
neutral pH than at weakly alkaline pH in subacute hardness tests. This 38 
suggested growth may be affected more by insoluble forms of aluminum. 
Similar to our findings, Freeman and Everhart (1971) reported that insoluble 
polymeric and colloidal aluminum species reduced growth more effectively than 
soluble aluminum species in fingerling rainbow trout exposed to aluminum at pH 
7.0 and 8.5. The aluminum growth inhibition in 16-d hardness tests appeared 
to be partially attributed to appetite loss as consumption decreased in aluminum 
exposures compared to controls. Growth inhibition due to appetite loss was 
also reported by Freeman and Everhart (1971) in trout fingerlings exposed to 
aluminum at pH levels between 7.0 and 8.5. 
Aluminum-induced growth inhibition at near neutral and weakly alkaline pH 
in 16-d humic acid tests (Table 1.6) was comparable to that in 16-d hardness 
tests (Table 1.3). Total and filterable aluminum concentrations were similar at 
both pHs suggesting that concentrations of insoluble aluminum were also the 
same, the aluminum species that appeared to be most potent at inhibiting 
growth. Reduced SGR in 16-d humic acid tests occurred at lower total 
aluminum concentrations at weakly alkaline than near neutral pH (Table 1.6). 
Hardness and Humic Acid Effects on Aluminum Toxicity 
The protective effects of hardness and humic acid against aluminum-related 
mortalities of juvenile rainbow trout was more pronounced in 16-d subacute 
than acute tests at weakly alkaline pH.  Little protective effect of hardness and 
humic acid in acute tests at weakly alkaline pH was attributed to trout being 39 
exposed to higher filterable aluminum concentrations for a short time period 
compared to those exposed to lower filterable aluminum concentrations for a 
longer time period in 16-d tests.  Mortality occurred only at the highest 
aluminum exposures in 96-h tests at weakly alkaline pH. These high filterable 
aluminum concentrations probably exceeded the capacity of hardness or humic 
acid concentrations present to protect trout against mortality. 
Although hardness protected against mortality in subacute tests it was not 
protective against the more subtle aluminum effects on growth. Perhaps 
hardness ions (Ca2+ and Mg2+) protected against only soluble Al(OH)4 and 
not insoluble polymeric and colloidal aluminum forms, aluminum species that 
appeared important in growth inhibition. Calcium protected fish against 
aluminum-induced ion loss, thereby reducing mortality at low pH (Brown 1983; 
Booth et al. 1988; Play le et al. 1989). Calcium binding to the gill surface 
appeared essential for the regulation of the ionic and osmotic balance at the 
gills. Competition for gill binding sites between calcium and other divalent or 
trivalent metallic ions influences metal uptake and toxicity in fish (Nunn 1985). 
Calcium afforded protection by reducing ion loss and thereby reduced fish 
mortality. Since calcium protected against soluble ionic aluminum much more 
clearly than insoluble aluminum forms the mechanism of toxicity may differ 
between these classes of metal species.  It was unclear what mechanisms were 
involved in growth inhibition of trout by these insoluble aluminum species.  It 
was possible that precipitation of these insoluble forms onto the gills was less 40 
damaging than binding of soluble forms to the gill. No mortality occurred in fish 
exposed to predominantly insoluble forms, instead chronic distress was 
indicated by appetite loss and reduced growth. Lowered SGR suggested 
energy loss in physiologic compensation to aluminum toxicity. 
Commercially available humic acid (Aldrich), reduced aluminum toxicity to 
rainbow trout fry in 16-d humic acid experiments at weakly alkaline and near 
neutral pH (Table 1.6).  Higher SGR and decreased mortality were observed in 
aluminum exposures in combination with humic acid. Humic acid reduced 
aluminum-related effects on both growth and mortality while hardness only 
protected against mortality in 16-d tests. Humic acid with the numerous oxygen 
containing functional groups has a high binding affinity for aluminum and at 
neutral and alkaline pH could form hydroxy-aluminum complexes (Stevenson 
and Vance 1989). Perhaps humic acid complexed both soluble and insoluble 
aluminum, thus reducing availability of toxic aluminum forms that caused 
mortality or inhibited growth. Meador (1991) observed similar reductions in 
copper toxicity to Daphnia magna by dissolved organic carbon (DOC)  and 
suggested that ionic copper was the most toxic form of copper with its 
concentration being controlled by complexation with DOC. Parkhurst et al. 
(1990) found that DOC concentrations >1  mgL-1 complexed total aluminum 
(0.003 to 2.76 mg1:1) reducing soluble inorganic monomeric aluminum 
concentrations that were toxic to brook trout fry at pH 4.4 to 6.7. Garvey et al. 
(1991) showed that terrestrial humic acid had the greatest effect on copper 41 
toxicity to Chlamydomonas reinhardtii compared to aquatic humic acid. They 
suggested differences in the mix of humic and fulvic acids of terrestrial versus 
aquatic origin. Care is recommended with interpretations of humic substance 
modulation on metal toxicity in natural waters. Malcom and MacCarthy (1986) 
found major differences between commercial humic acids and those isolated 
from streams. A higher ash content of commercial humics was a major factor, 
this was due in part to preparation of some (including Aldrich) as a sodium salt. 
Reduced aluminum toxicity observed in our experiments likely involved 
interactions between aluminum and humic acid, but we cannot predict the 
extent to which these interactions occur in natural waters. The large volume of 
water needed in flow-through bioassays made use of refined commercial 
brands or extracted humic substances from natural sources impracticable. 
Our toxicity tests indicated that in the near neutral to weakly alkaline pH 
range, pH and filterable aluminum appeared the most important determinants of 
survival in rainbow trout fingerlings, likely due to the relationship between 
aluminum solubility and pH. Contrasting these results, total aluminum appeared 
a more important determinant of growth inhibition. Both hardness and humic 
acid ameliorated subacute aluminum toxicity. Humic acid reduced aluminum 
effects on growth and survival and hardness only reduced aluminum-related 
mortalities. Both the U.S. Environmental Protection Agency (USEPA 1988) and 
the Ontario Ministry of the Environment (OMOE 1988) issued criteria in the 
neutral to alkaline pH range based on total aluminum concentrations. Our 42 
results suggested that a more defined criteria could be issued by these 
agencies, pending further studies on aluminum toxicity in the neutral to alkaline 
pH range. Based on mortality being the most severe effect of aluminum 
exposure, followed by growth inhibition, it would appear that Al(OH)4" is the 
most toxic form of aluminum at the neutral to alkaline pH range. This 
hypothesis was based on mortality increasing with filterable aluminum 
concentration and filterable aluminum concentrations measured at 
concentrations near the theoretical solubility, where most of the soluble 
aluminum exists as Al(OH)4. Insoluble aluminum forms that appeared to inhibit 
growth seemed less toxic than Al(OH)4,  and organically complexed aluminum 
appeared relatively nontoxic. The above information suggested that regulatory 
agencies consider soluble Al(OH)4 in development of criteria, due to its high 
toxicity at relatively low concentrations (<0.02 mg L"1). 43 
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ABSTRACT 
Rainbow trout (Oncorhynchus mykiss) were acclimated for 10 d to soft 
(10 mg-L-1 as CaCO3) or hard (100 mg-L-1 as CaCO3) water at weakly alkaline 
pH (8.06  8.34). Following acclimation, individual gill arches were removed 
from fish and used in experiments examining the effects of low hardness(LH) or 
high hardness (HH) acclimation on gill water permeability and gill  Ca2+ 
interactions. The effects of aluminum on branchial physiology after acclimation 
were also examined. Isolated gill arches were exposed to water of varying 
Ca2+ (0.0 - 1.0 mM) and aluminum (3.7 - 37 AM) concentration for osmotic 
permeability experiments. HH acclimated gills had significantly greater percent 
weight gain over time due to osmotic water entry than LH acclimated gills, when 
exposed to distilled water (32.34 ± 1.15 and 24.86 + 0.62% respectively after 
60 min incubations). These percent weight gain differences were absent when 
Ca2+ (0.1  - 1.0 mM) was added to the incubation medium. Displacement of 
Ca2+ by lanthanum operationally differentiated surface bound Ca2+ from 
intracellular Ca2+ uptake for Ca2+ binding experiments. This method resolved 
two gill surface binding site populations, which differed in their Ca2+ binding 
affinity. The higher affinity sites were likely associated with gill membrane 
permeability, since LH acclimated gills had more of these high affinity sites 
(Bmax = 0.322 ± 0.027 Amol Ca2+ -g-1) and less permeable gills than HH 
acclimated gills (Bmax = 0.198 + 0.004 gmol Ca2+ -g-1). Aluminum had little 50 
influence on gill permeability or gill Ca2+ binding. These subtle aluminum 
effects were attributed to in vitro predominance of anionic aluminum (Al(OH)4), 
which may not reflect aluminum speciation in vivo. 51 
INTRODUCTION 
The interactions between calcium and freshwater fish gills are complex 
involving two basic processes:  1) calcium uptake via chloride cells (Payen et al. 
1981; Perry and Flik 1988; Perry et al. 1992) and 2) calcium binding to the 
branchial epithelium, which maintains membrane stability and ion/water 
permeability (Gordon and Sauerheber 1982; McWilliams 1983; Reid and 
McDonald 1991). Fish adapted to environments of varying hardness modify 
these processes resulting in altered permeability and ion regulation. Exposure 
to low calcium concentrations stimulated branchial calcium uptake in rainbow 
trout and was correlated with proliferation and increased exposure of lamellar 
chloride cells (Perry and Wood 1985; Laurent et al. 1985). Lamellar chloride cell 
proliferation has also been observed in fish exposed to deionized water 
(Olivereau et at.; Laurent and Dunel 1980). 
Many studies have examined the effects of low pH and ion poor water on 
gill permeability and ion flux. Rainbow trout gills exposed to low [Ca21 at 
acidic pH exhibited a marked increase in osmotic permeability (Parker et al. 
1985) and net losses of Na+ and Cl- (Reid et al 1991; Freda et al. 1991). The 
increased permeability and ion losses may be the result of branchial tight 
junction openings (Freda et al. 1991) caused by surface bound Ca2+ removal 
(McDonald 1983). Similar ion losses (Nat and CO were observed for hard-
water (pH 7.5) adapted rainbow trout transferred to low calcium water (< 10 52 
mg .1:1) at neutral pH (McDonald and Rogano 1986). Removal of surface-
bound gill Ca2+ by EDTA, resulted in increased ionic permeability of both hard-
water and soft-water adapted fish although soft-water adapted fish were more 
resistant to the permeability increase. McDonald and Rogano (1986) suggested 
the resistance to EDTA treatment by soft-water-adapted fish was due to an 
increase in Ca2+-binding affinity of the gills. Thus, adaptive changes in 
branchial morphology, permeability and ion movements are influenced in part, 
by the Ca2+ and H+ concentration of the external medium. 
Although, many studies have examined the influence of Ca2+ and H+ on gill 
ion and water flux, it is difficult to determine if branchial adaptive responses are 
due to Ca2+,  H+ or both. The calcium binding and permeability properties of 
freshwater fish gills, adapted to waters of varying hardness at neutral to alkaline 
pH, remains poorly understood, particularly, details on Ca2+ binding site 
adaptive changes and the influence of these changes on gill permeability 
properties. McWilliams (1983) found brown trout adapted to high calcium (pH 
7.0) lost significantly more Ca2+ from their gills in vitro at pH 7.0 and 3.0 than 
trout gills adapted to low calcium water at acidic pH.  It was also suggested that 
calcium bound to two different types of binding sites on the gill surface and only 
one of these sites was involved in maintaining membrane permeability. 
Contrary to the findings of McWilliams (1983) Scatchard analysis of rainbow 
trout gill calcium binding activity indicated the presence of only one gill surface 
binding site (Reid et al. 1991). Similar findings were reported by Reid and 53 
McDonald (1991) in similar experiments, although mention was made of 
saturable and nonsaturable Ca2+ binding components. No account was made 
for possible Ca
2+  uptake via chloride cell voltage independent channels (Perry 
and Flik 1988) in these studies (Reid et al. 1991; and Reid and McDonald 1991). 
Ca2+ uptake via chloride cells may have influenced calcium binding results, 
particularly in fish that were exposed to aluminum and low pH (Reid et al. 1991). 
Proliferation and increased exposure of lamellar chloride cells were noted in fish 
exposed to aluminum at low pH (Karlsson-Norrgen et al. 1986; Youson and 
Neville 1987). The question arises is Ca2+ uptake via chloride cells sufficient to 
influence results on Ca2+ binding? Clearly, additional information is needed on 
gill surface calcium binding activity and the effects of Ca2+ and other metals on 
these branchial processes. 
Metals, other than Ca2+, commonly detected in surface waters also affect 
fish gill Ca2+ binding and uptake.  In vitro calcium uptake and binding of 
Fundulus heteroclitus gills were inhibited by cadmium and zinc (Sauer and 
Watabe 1988). Binding affinity of rainbow trout gill arches for Ca2+ was three 
times lower than for La3+, but similar to Cd2+ (Reid and McDonald 1991). 
Juvenile rainbow trout exposed to aluminum and low pH (21 d) acquired 
resistance to subsequent acute lethal aluminum exposures at pH 5.2 (Reid et al. 
1991). Reid et al. (1991) suggested resistance was due to chemical 
modifications of gill micro-environment functional groups resulting in gill 
membrane stability and permeability properties approaching those of control 54 
fish that were not exposed to aluminum. Hardness ameliorated aluminum 
related mortalities of juvenile rainbow trout in 16 d subacute tests at alkaline pH 
(Gundersen et al. 1994), and it was proposed that aluminum may be interfering 
with Ca2+ binding and gill permeability since ionic losses from the gills appear 
to be a major cause of death in fish exposed to chronic lethal levels of 
aluminum (Neville 1985; Booth et al. 1988). 
The objectives of this study were to determine Ca2+ binding and osmotic 
permeability of gill from rainbow trout acclimated to high and low hardness at 
weakly alkaline pH and to examine the effects of aluminum on these aspects of 
branchial physiology. The permeability and Ca2+ binding properties of trout 
gills were assessed using in vitro methods and a technique for separating 
surface bound calcium from intracellular Ca2+ uptake was examined. 55 
METHODS 
Animals 
Juvenile rainbow trout (weight range 77-130 g) were obtained from the 
Oregon State University Marine and Freshwater Biomedical Core Facility.  Fish 
were held in a 285 L fiberglass tank supplied with running well water (15 ± 
0.5°C and Hardness: 130 mg-L-1 as CaCO3) under a 12 h light/dark 
photoperiod and fed Oregon Test Diet (Sinnhuber et al. 1977) ad libitum prior to 
the acclimation period, when food was withheld. 
Fish were transferred into 75 L aquaria (2 fish per aquarium) for 10 d 
acclimation to high hardness (HH) or low hardness (LH). LH water (hardness 
= 8-10 mg-L-1 as CaCO3), was produced from well water processed by 
reverse osmosis (RO) and stored in a 3600 L fiberglass tank. The LH water 
was pumped into a delivery line which allowed flow into aquaria at 50 mlrnin-1, 
(20 L total volume) resulting in a volume replacement time of 6.6 h.  Fish 
acclimated to HH were exposed to RO water stored in a 3600 L fiberglass 
storage tank to which electrolytes were added resulting in the following 
concentrations: 80 mg-L-1  NaHCO3,4 mg-L
-1  KCI, 200 mg-L
-1  CaSO4 and 100 
mgL-1 MgSO4 (hardness = 100 mgL-1). LH and HH storage tank water pH 
was maintained at 9.40 and 9.0 ± 0.15 respectively and was adjusted with 5 N 
NaOH every 24 h. The pH of the water in the storage tanks dropped when 
pumped into aquaria (presumably from CO2 mixing) resulting in a 10 d mean 56 
acclimation pH ranging between 8.06 and 8.34. The mean acclimation pH (10 d) 
was not significantly different (p >0.05) between the LH or HH water. Aquaria 
water temperature was maintained at 15 ± 0.5°C, and pH, temperature and 
dissolved oxygen were measured daily. Some gill arches from both LH and HH 
acclimated fish were removed and fixed in 10% buffered formalin (pH 7.0) for 
histological examination. Forma lin fixed gill arches were embedded in paraffin, 
sectioned at 5 Am, stained with hematoxylin and eosin and examined via light 
microscopy. 
Experimental Protocol 
The basic experimental approach involved two experimental series; (1) 
osmotic permeability studies and (2) calcium binding studies, both conducted at 
weakly alkaline pH (nominal pH = 8.5).  Gill arches from rainbow trout 
acclimated to either HH or LH water, were used in both experimental series. 
Osmotic permeability experiments consisted of incubating gill arches in either 
distilled, low Ca2+ (0.1 mM) or high Ca2+ (1.0 mM) water for 1 h to determine 
the percent weight increase of each arch due to the osmotic movement of 
water.  Gill arches were also exposed to either low or high Ca2+ and one of 
three aluminum concentrations (3.7, 11.1 or 37.0 AM). Three gill arches from 4 
LH and 4 HH acclimated fish were exposed to each test solution (24 arches per 
condition). 57 
Characterization of the in vitro system used in calcium binding experiments 
consisted of incubating ligated gill arches (6 arches from either a LH or HH 
acclimated fish) with 45Ca for different time periods and determining total 
gill /45Ca equivalents and t1/2 (Ca2+ half-saturation time).  Gill arches (6) from 4 
LH and 4 HH acclimated fish were exposed to 45Ca. 
A technique was subsequently developed to separate surface bound 
calcium from intracellular calcium uptake. Following incubation in 45Ca, gill 
arches were exposed to lanthanum chloride (LaCI3).  La3+ has been used to 
study Ca2+ metabolism and distribution in smooth muscle and it was assumed 
that for La3+ exposed tissues, surface bound Ca2+ and 45Ca would be 
displaced by La3+, and La3+ would block Ca2+ channels (reviewed by Daniel 
and Janis 1975). Theoretically, gill arch exposure to La3+ would remove 
surface bound Ca2+ and trap intracellular Ca2+. Measured 45Ca specific 
activity of La3+ solutions used to expose gill arches would represent displaced 
surface bound Ca2+ and specific activity measurements of solubilized arches 
following La3+ exposure would represent intracellular Ca2+ uptake.  Four 
arches were removed from each fish and incubated in a radiolabeled 45Ca 
solution, followed by exposure of two arches to La3+ and two arches to choline 
chloride (a total of 3 LH and 3 HH acclimated fish were used). 
Surface Ca2+ binding and Ca2+ uptake experiments involved removing the 
first three pair of gill arches from each fish (4 LH and 4 HH acclimated fish, 48 
arches total) and exposing them to varying Ca2+ concentrations for 12 min 58 
(45Ca activity was the same for all Ca2+ exposures). Following Ca2+/45Ca 
exposure, arches were washed in two  La3+ solutions for a predetermined time 
period and the specific activity of 45Ca in La3+ solutions was measured. 
Arches were then solubilized and the 45Ca specific activity of each arch digest 
determined. Surface binding characteristics were determined by the binding 
parameters KD (apparent dissociation constant) and Bmax (binding capacity). 
The final Ca2+ binding experiments involved exposing six gill arches from 
each fish (3 LH and 3 HH acclimated) to 45Ca, 0.05 mM Ca2+ and varying 
aluminum concentrations (0, 1.5, 3.0, 4.4, 6.0 and 7.4 AM) for 12 min. 
Aluminum effects on surface calcium binding characteristics and intracellular 
calcium uptake were determined. All gill arch incubations were done at weakly 
alkaline pH (8.5 nominal). 
Permeability Experiments 
The procedures described below were based on those described by 
Ogasawara and Hirano (1984).  All experiments were performed in a constant 
temperature room (15 ± 0.5°C). Fish were killed by a blow to the head, 
followed by decapitation to expose gill arches, which were immediately 
moistened with a saline solution (150 mM NaCI and 3 mM CaC12; pH 8.5). The 
first three arches (80  232 mg) on the left side of two fish (1 SW and 1 HW 
acclimated fish) were removed within 12 - 15 min after ligating both ends with 
nonabsorbent 3-0 silk. Removed arches were rinsed with saline from a squirt 59 
bottle and immediately placed in saline solution until all arches from 2 fish were 
removed. Permeability experiments involved randomly placing arches in one of 
two incubation chambers (one chamber for the arches of each fish) containing 
the appropriate solution (previously described). The incubation apparatus  (Fig. 
II.1A) consisted of two 12 x 6 x 3 cm plexiglass chambers, partitioned into large 
and small compartments, a Gilson peristaltic pump (model 312), two magnetic 
stirrers equipped with a chilling plate (Stir Kool model SK 12), two 80 ml 
beakers with stir bars which served as reservoirs for the incubation medium, 
two Schott pH meters and a Harvard apparatus syringe infusion pump.  The 
incubation medium was pumped at 45  ml-min-1, through glass tubing into the 
large compartment of each chamber. The flow of medium into the large 
compartment caused gill arches to wave gently without any major shift  in their 
position. Incubation medium in the large compartment spilled over into the 
small compartment where the pH was adjusted. The pH was maintained 
throughout the experiment by use of an infusion pump which housed two 20 
CC syringes delivering 0.01 N NaOH into the small compartment of both 
incubation chambers. Initially the infusion pump was set at 20  ulmin-1 and 
adjusted accordingly during each experiment based on the measured pH. 
Incubation medium pH was adjusted to 8.50 ± 0.04 with 0.1 N NaOH prior 
to the start of experiments and did not vary more than ± 0.15 pH units during 
any experiment. LH and HH acclimated gill arches were exposed to distilled, 
soft (0.1 mM Ca2+), or hard (1mM Ca2+) water (the same solution in each of 60 
A
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Figure 11.1	  Schematic of exposure apparatus for permeability (A) and Ca2+ 
binding (B) experiments. 1A = large compartment, 2A = small 
compartment, 3A = beaker and chilling plate, 4A = peristaltic 
pump, 5A = syringe (housed in an infusion pump) and 6A = pH 
probe. Arrows indicate the direction of flow. 61 
the two chambers), and were weighed before and 10, 20, 30, 45 and 60 min 
after exposure. LH and HH acclimated gills were also exposed to either LH or 
HH water and one of three aluminum concentrations (4.4, 11.1, or 37.0 AM) and 
weighed before and 60 min after exposure. Prior to weighing, excess water 
was removed from each arch by gently blotting on an absorbent Kleenex. 
Following the final weighing (60 min) arches were placed in pre-weighed 
aluminum pans and dried at 110°C for at least 24 h. The rate of percent of 
weight increase of each gill arch due to water influx (R) was determined by the 
following equation: 
Wt Wi 
R(%)  X 100 
Wi Wd 
where Wt = wet weight at time t; WI = initial wet weight; Wd = dry weight. 
Incubation solution lactate dehydrogenase activity (LDH) was measured 
spectrophotometrically as described by Asztalos and Nemcsok (1985) at 0, 15, 
30, 45, and 60 min to assure sustained gill arch viability. LDH isozymes have 
been detected in fish gills (Markert and Faulhaber 1965, Asztalos and Nemcsok 
1985). LDH activity detected in incubation solution samples was <0.002 U/I, 
with no increased activity over time. 
Calcium Binding Experiments 
The incubation solutions (50 mL), containing 
45Ca (New England Nuclear), 
were contained in 50 mL Erlenmeyer flasks covered with rubber stoppers  in 62 
order to minimize pH change due to solution surface interactions with the 
atmosphere (Fig II.1B). Each flask contained a magnetic stir bar and was 
placed on a magnetic stirrer.  Solution pH was adjusted to 8.50 ± 0.04 with .01 
N NaOH, and during incubations the pH dropped, with the greatest pH drop 
(0.18 units) occurring after the longest incubation times (30 min). 
The first three pairs of gill arches (weight range 234 - 467 mg) were 
removed from fish as described previously, except 8 cm of silk extended from 
the ventral end of each arch from which they were suspended in solution. 
Ligated arches were placed in saline (150 mM NaCI; pH 8.5) and rinsed with 
deionized water for 15 s, to remove any excess tissue and blood. This was 
followed by a 15 s rinse in 5 mM ethyldiaminetetraacetic acid (EDTA; pH 8.0) , 
to remove surface bound Ca2+ and Mg2+ (McWilliams 1983; Reid et al. 1991). 
Arches were then rinsed a final time in deionized water for 15 s.  Following the 
above procedures ligated gill arches were used in one of three calcium binding 
experiments. The first experiment characterized total gill calcium uptake and 
the time course of calcium saturation, resulting in determinations of t3i for both 
HH and LH acclimated fish gills. 
Calcium Half Saturation Times 
Three pairs of ligated gill arches from one acclimated fish were exposed to 
2.0 mM Ca2+ solutions (contained in 50 ml flasks) for either 60, 180, 540, 900, 
or 1800 s. The specific activity of 45Ca was approximately 100 Bcriimorl. 63 
Arches were removed from the flasks and briefly rinsed with distilled water (10 
s) to remove excess calcium. Following the distilled water rinse, arches were 
placed in 20 ml scintillation vials and 3.5 times the gill arch weight of Soluene 
350R was added. Vials were then placed in a 55°C water bath overnight until 
arches were completely solubilized. Each arch digest was distributed into three 
scintillation vials (approximately one-third of each arch digest into each vial) for 
liquid scintillation counting. 
Lanthanum Technique Characterization 
Characterization of our system involved exposing 45Ca radiolabeled 
arches to a series of LaCl3 (2 mM) or choline chloride (2 mM) solutions, 
followed by specific activity measurements of solutions and solubilized gill 
arches. Cho line chloride provides a cation generally considered as 
physiologically inert (Kemp and Curtis 1987) and was used as a control in our 
experiments which evaluated the effectiveness of Lai} at removing surface 
bound Ca2+ and trapping intracellular Ca2+. Ligated gill arches (the first three 
pair from each fish) were exposed to 2 mM Ca2+ for 900 sec. The specific 
activity of the 45Ca was 185 Bcrilmol-1. Following incubation, arches were 
placed in separate 20 ml scintillation vials containing 2.8 ml of either 2 mM 
LaCI3 (3 arches) or 2 mM choline chloride (3 arches). Arches were exposed for 
30 s and transferred to a new vial containing fresh solution and exposed for an 
additional 30 s. This was repeated six more times with subsequent exposure 64 
periods of 30, 30, 60, 120, 600 and 900 s (total exposure times = 30, 60, 90, 
120, 180, 300, 900 and 1800 s).  Following these exposures, gill arches were 
rinsed with distilled water (5 sec), sutures carefully removed with a scalpel and 
arches were digested as described previously. The specific activity of 45Ca in 
all solutions and gill digests was determined. 
Surface Calcium Binding and Intracellular Ca2+ Uptake Experiments 
Ligated gill arches (the first three pair from each fish) were exposed to one 
of six Ca2+ concentrations (0.05, 0.50, 1.00, 2.50, 4.50 and 9.00 mM) and 
approximately 259 Bq-ml
--1  of 
45Ca for 12 min. Following calcium exposure, 
arches were briefly rinsed with distilled water (5 sec) to remove excess calcium, 
and placed into 20 ml scintillation vials containing 2.8 ml of 2 mM LaCI3 (pH 7.0) 
for 10 min. Arches were removed from the vials and placed in a second 
solution of 2 mM LaCI3 for 5 min. Arches were removed from the vials, rinsed 
with distilled water (5 sec) and placed into 20 ml scintillation vials for digestion 
as described previously. The specific activity of the La3+ solutions and gill 
digests was determined. 
Gill surface calcium binding measurements were analyzed using a 
hyperbolic curve fit equation provided in a PC version of SigmaPlot 4.1  (Jandel 
Scientific 1991). The specific rectangular hyperbolic function equation used 
was: 65 
ax 
f(x) = 
b + x 
where a is Bmax (binding capacity in Amol-g-1), b is KD (dissociation constant in 
mM) and x is the free Ca2+ concentration (mM). Surface Ca2+ binding was 
also analyzed using Scatchard Plot analysis (Scatchard 1949) to determine if 
saturable and nonsaturable components were present. 
Aluminum Effects on Gill Ca2+ Interactions 
Six gill arches from each fish were placed in one of six solutions containing 
0.05 mM Ca2+ and 0 to 7.4 AM aluminumL-1. The solution 45Ca specific 
activity was approximately 259 Bcprn1-1. After incubation, arches were exposed 
to La3+  and solubilized. 
Analytical Procedures 
45Ca binding activity was determined from La3+ solutions, gill digests and 1 
ml of incubation solution taken before gill arch exposure, using liquid scintillation 
techniques. Ten ml of scintillation cocktail (Packard Ultima Gold) was added to 
samples and 45Ca concentrations were determined by liquid scintillation 
counting in a Packard Tri-Carb Liquid Scintillation Analyzer (model 1600CA). 
Samples were counted for 20 min and quenching was corrected by automatic 
external standardization. 66 
Bound Ca2+ was calculated per g of wet tissue according to the following 
equation: 
Bound Ca2+ (Arnol.g-1) =  RA X [Ca] 
45Ca 
where RA is the radioactivity of the tissue digest, or La3+ solutions in KBq-g-1 
of tissue exposed to 45Ca solutions, [Ca] is the Ca2+ concentration of the 
incubation medium in Arno' and 45Ca is the incubation medium radioactivity in 
KBq. Calcium and aluminum solutions (added as CaSO4 and AlC13 
respectively) were prepared by serial dilution of concentrated stock solutions. 
Hardness of stock solutions and acclimation water was measured using the 
EDTA titrimetric method as described in Standard Methods (1985). Aluminum 
solution concentrations were determined by absorbance spectroscopy using a 
modified version of the catecholviolet method (Dougan and Wilson 1979) as 
described by Seip et al. (1984). Desired aluminum concentrations were within 
5% of nominal values. 
Statistics 
Data analysis was performed on a PC version of Statgraphics (1986) and 
data are presented as means ± SE. Differences between mean percent weight 
increase (permeability experiments) at a given time interval and mean binding 
characteristics (KD and Bmax) were determined using a two-tailed, unpaired 67 
Student's t-test (level of significance was p < 0.05). Linear regression (least 
squares) was used to fit lines in Scatchard plots and the coefficient of 
determination (R2) was used to assess the amount of data variation fitted by the 
regression. 68 
RESULTS 
Permeability Experiments 
Histological examination of LH acclimated gills revealed lamellar chloride cell 
proliferation. Chloride cells with increased exposure of apical surfaces were 
noticeable along the lamellar edges of LH acclimated gills.  Chloride cells were 
only evident at the base of lamellae and within interlamellar regions on HH 
acclimated gills. 
Gill arch permeability (% weight gain for both LH and HH acclimated arches) 
was greatest in distilled water compared to 0.1 and 1  mM calcium exposures 
(Fig. 11.2). HH acclimated gills had significantly greater percent weight increases 
than LH acclimated gills when exposed to distilled water, indicating increased 
permeability (Fig. II.2A). The difference in percent weight increase between HH 
and LH acclimated arches was not significantly different when arches were 
incubated in 0.1 mM Ca2+ (Fig. II.2B) or 1.0 mM Ca2+ (Fig II.2C). 
Aluminum had a minor influence on gill permeability (Fig. II.3A and II.3B). 
Within LH or HH acclimated arches, increasing aluminum concentration did not 
significantly alter gill arch permeability. However, HH acclimated gill arches 
were significantly more permeable than LH acclimated arches when exposed to 
aluminum at 0.1 mM Ca2+ (Fig. II.3A) but not 1 mM Ca2+ (Fig. II.3B). This 
contrasted with LH and HH acclimated gill arch permeability which was not 
significantly different when exposed to 0.1 mM Ca2+ without aluminum. 69 
Figure 11.2	  Mean ± SE gill arch percent weight increase over time of LH (o) 
and HH () acclimated gills exposed to distilled water (A), 0.1 mM 
Ca2+ (B) and 1.0 mM Ca2+ (C). A total of 12 gill arches from 4 
HH and 4 LH acclimated trout (3 arches from each fish) were 
exposed to each incubation solution.  * = significantly different 
percent weight increase between HH and LH acclimated gills 
sampled at the same time interval. 70 
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Figure 11.3	  Mean ± percent weight increase of LH (0) and HH () acclimated 
gills after 60 min exposures to varying aluminum concentration 
and either 0.1 mM Ca2+ (A) or 1 mM Ca2+ (B). Twelve gill arches 
from 4 HH and 4 LH acclimated fish (3 arches per fish) were 
exposed to each incubation solution. * = significantly different 
percent weight increase between HH and LH acclimated gills 
sampled at the same time interval. 72 
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No significant permeability differences were observed between LH and HH 
acclimated gill arches exposed to aluminum and 1.0 mM Ca2+ (Fig II.3B). 
Calcium Binding Experiments 
Preliminary experiments were performed to determine total gill calcium 
uptake over time and the calcium half-saturation time (t1/2).  LH and HH 
acclimated gill arch half saturation times were not significantly different (334 ± 
20 s and 320 ± 23 s respectively; Fig. 11.4).  Consequently 720 s incubation 
times were chosen for subsequent calcium binding experiments. Mean total gill 
Ca2+ binding was significantly different between LH and HH acclimated gill 
arches at 900 s, but no significant differences were detected at longer time 
intervals (Fig. 11.4). 
Experiments were performed to assess the effectiveness of La3+ at trapping 
intracellular Ca2+ and removing surface bound Ca2+ from both LH and HH 
acclimated gill arches. The time course of surface Ca2+ removal revealed that 
47 to 50% of total gill Ca2+ (surface bound plus intracellular Ca2+) was 
removed after 60 s incubation in La3+ (Fig. 11.5). Seventy to 76% of total gill 
Ca2+ was removed after 300 s incubation and Ca2+ removal being insignificant 
(85 to 90%) with longer La3+ incubation times (900 and 1800 s respectively; 
Fig. 11.5). The rates of Ca2+ removal from LH and HH acclimated gill arches 
were not significantly different. 74 
Figure 11.4	  Mean + SE total Ca2+ accumulation of LH (o) and HH () 
acclimated gills exposed to 2 mM Ca2+. Six gill arches from 4 HH 
and 4 LH acclimated fish (48 total gill arches) were exposed to 2 
mM Ca2+ for either 60, 180, 540, 900, 1200, or 1800 s. The 
specific activity of 45Ca was approximately 100 Bqw,morl. * = 
LH gill arch Ca2+ accumulation was significantly different from HH 
gill arch Ca2+ accumulation at the particular time interval. 0.500 
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Figure 11.5	  Mean ± SE percent total gill arch Ca2+  (Ca2+ removed by La3+ 
solutions plus Ca2+ left in gill digests) removed over time from LH 
(0) and HH () acclimated gills incubated in 2 mM lanthanum 
chloride. Two gill arches from 3 HH and 3 LH acclimated fish (12 
total gill arches) were exposed to eight 2 mM lanthanum chloride 
solutions for 30, 30, 30, 60, 120, 600 and 900 s, resulting in total 
gill arch exposure times of 30, 60, 90, 120, 180, 300, 900 and 
1800 s respectively. Following gill arch incubation the radioactivity 
of each lanthanum chloride solution was counted to determine 
surface Ca2+ binding. 600  1200 
INCUBATION TIME (s) 
Figure 11.5 
1800 78 
La3+ incubated gill arches had more intracellular Ca2+ than those incubated 
in choline chloride (Fig. 11.6). Mean gill digest Ca2+ concentrations were 
significantly higher in LH acclimated arches incubated in  La3+ versus LH 
acclimated arches incubated in choline chloride (Fig. 11.6). Mean gill arch digest 
Ca2+ concentrations were not significantly different from HH acclimated arches 
incubated in La3+ versus HH acclimated arches incubated in choline chloride. 
The biphasic appearance of the Ca2+ binding curves indicated two surface 
Ca2+ binding sites populations existed, differing in Ca2+ binding affinity (Fig. 
II.7A). Bmax and KD were determined for the higher affinity binding sites from 
the three lowest concentrations on the binding curve (Fig. II.7C). Bmax was 
significantly greater for LH acclimated gill arches (0.322 ± 0.027 Arno, Ca2+ -g­
1) than for HH acclimated gills (0.198 ± 0.004 Amol Ca2+11), and no 
significant binding affinity (KD) differences were determined between LH and HH 
acclimated gills (0.231 ± 0.024 and 0.204 ± 0.011 mM respectively). The 
nonhomogeneity of surface Ca2+ binding sites was confirmed by the nonlinear 
Scatchard plot generated for both LH and HH acclimated gill arches (Fig. 11.8). 
LH acclimated gill intracellular Ca2+ concentrations were not significantly 
different from HH acclimated arch concentrations at all Ca2+ exposures 
measured (Fig. II.7B).  Intracellular Ca2+ pools consisted of between 17 to 32% 
of total gill Ca2+ content (surface bound Ca2+ plus gill homogenate Ca2+). 
There were no significant effects of aluminum on gill arch surface Ca2+ 
binding after LH or HH acclimation (Table 11.1). 79 
Figure 11.6  Mean ± SE intracellular Ca2+ concentration of gill arches 
incubated in 2 mM Ca2+ followed by incubation in either 2 mM 
lanthanum chloride (solid bars) or 2 mM Cho line Chloride (clear 
bars). Two gill arches from 3 LH and 3 HH acclimated fish were 
exposed to solutions for 1800 s, followed by gill arch digestion 
and radioactivity measurements of digests, to determine gill arch 
intracellular Ca + content. 0.090
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Figure 11.7	  Ca2+ saturation curve. Mean ± SE surface bound Ca2+ (A) and 
intracellular Ca2+ (B) accumulation of LH (o,v) and HH (, v) 
acclimated gills exposed to varying Ca2+ concentrations (12 min). 
45Ca specific activity was approximately 259 Bq.m1-1. Inset (C) is 
a hyperbolic function plotted to the first three data points from (A) 
representing high affinity Ca2+ binding in which Bmax and Kd were 
calculated for. Calcium (mM) 
Figure 11.7 83 
Figure 11.8	  Scatchard plot for surface Ca2+ binding for gill arches from LH (o) 
and HH () acclimated trout.  Lines were plotted using linear 
regression to illustrate the presence of two binding site 
populations. 1.40 
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Table 11.1	  Mean ± SE percent control surface bound Ca2+ in gills (from LH 
and HH acclimated trout) exposed to varying aluminum 
concentrations (MM) and 0.05 mM Ca2+ (12 min). 
Aluminum Concentration 
1.5  3.0  4.4  6.7  7.4 
HH  78.6 + 5.2  71.0  + 8.9  77.1  + 8.9  84.7  + 6.4  75.2  + 1.2 
LH  97.4  + 13.6  118.7  + 10.8  95.9  + 5.0  85.8  + 12.8  94.1  + 8.6 
HH acclimated gill surface binding was only 71-85% of controls when exposed 
to aluminum (1.5 - 7.4 MM) and Ca2+ (50 MM) versus surface Ca2+ binding (86­
119%) in LH acclimated gills exposed to the same aluminum and  Ca2+ 
concentrations. Likely due to the small number of fish sampled (n =3) HH gill 
arch surface Ca2+ binding was not significantly different from controls at the p 
< 0.05 level but was significantly different at the p < 0.10 level. LH gill arch 
surface Ca2+ binding was not significantly different from controls at the p < 
0.10 level. No aluminum effects on intracellular Ca2+ uptake were observed for 
LH and HH acclimated gills. 86 
DISCUSSION 
Effects of Hardness Acclimation on Gill Permeability and Gill Ca2+ Interactions 
Permeability experiments showed that HH acclimated gills gained more 
weight than LH acclimated gills, when exposed to distilled water at weakly 
alkaline pH. Little information exists concerning fish gill adaptation to varying 
environmental hardness at neutral and alkaline pH. Parker et al. (1985) 
exposed rainbow trout to low pH (5.0 - 6.6) and either low (2.1  mgL-1) or high 
(60.0 mg-L-1) Ca2+ for 14 d and found that isolated gill arches from high  Ca2+ 
exposed trout were significantly more permeable than those from low Ca2+ 
exposed fish when incubated in distilled water. Our permeability experiments 
also revealed that LH and HH acclimated gill arch permeability decreased with 
increasing incubation medium Ca2+ concentration (Fig. 11.2).  Reduction of 
freshwater fish gill permeability with increasing environmental Ca2+ 
concentration was observed in several species including eel (Ogasawara and 
Hirano 1984), tilapia (Wendelaar Bonga and Van der Meij 1981) and mullet 
(Gallis et al. 1979). Additionally, the permeability difference observed in distilled 
water between LH and HH acclimated gills was absent when  Ca2+ was added 
to the incubation medium. This observation lead us to believe that the 
observed permeability difference seen in distilled water incubations was related 
to calcium binding property differences between LH and HH acclimated gills. 87 
Specifically, it was thought that differences existed in either gill Ca2+ binding 
affinity (KD), or gill binding site numbers (Bmax) or both. 
The Ca2+ binding curves (Fig. 11.7A) for both LH and HH acclimated 
rainbow trout gills suggested that high and low affinity Ca2+ binding site 
populations were present. Few studies have clearly described the presence of 
multiple Ca2+ binding sites in freshwater fish gills.  Multiple Ca2+ binding sites 
were not reported for soft (Reid et al. 1991) or hard-water (Reid and McDonald 
1991) acclimated rainbow trout gills exposed to varying  Ca2+ concentrations at 
near neutral pH. Reid and McDonald (1991), however, did report that gill  Ca2+ 
binding appeared to have saturable and nonsaturable components. McWilliams 
(1983) examined Ca2+ loss from isolated brown trout gills exposed to varying 
Na+ and Ca2+ concentrations at neutral and acidic pH and reported the 
presence of two types of binding sites, which differed in their affinity for Ca2+ 
and Nat The nonlinear Scatchard plots generated from our binding data for 
both LH and HH acclimated gill arches (Fig. 11.8) also supported the hypothesis 
that two Ca2+ binding site (high and low affinity) populations existed. 
Scatchard plots of Ca2+ binding to purified mammalian plasma membranes 
were nonlinear (Shlatz and Marinetti 1972; Sauerheber et al. 1980).  Contrasting 
our study, a linear Scatchard plot was generated from  Ca2+ binding data for 
softwater acclimated (neutral pH) rainbow trout gills exposed to varying  Ca2+ 
concentrations (Reid et al. 1991). A linear Scatchard plot was also obtained 
from hardwater acclimated rainbow trout gill Ca2+ binding data (Reid and 88 
McDonald 1991), although, in this study the Scatchard plot was generated from 
the saturable component of their Ca2+ binding data. Two of the three 
aforementioned studies (McWilliams 1983 and Reid and McDonald 1991) 
supported our data, that freshwater fish gill Ca2+ binding involved at least two 
binding site populations, one of which was composed of high affinity sites and 
the other of lower affinity sites. Although gill Ca2+ binding has been described 
to occur via specific sites, we do so only for convenience sake.  It was unlikely 
that Ca2+ binding occurred via specific receptors but instead involved one or 
more chemical functional groups associated with the gill microenvironment. 
Biochemical constituents that could have been involved in Ca2+ binding were 
the epithelial membrane phospholipids, particularly negatively charged acidic 
phospholipids. Mammalian studies using liver plasma membranes showed that 
acidic phospholipids have a significant role in Ca2+ binding to low affinity sites 
(Shlatz and Marinetti 1972). Other chemical functional groups involved in Ca2+ 
binding may have existed in the mucous layer covering the gills, which largely 
consists of glycosaminoglycans (Wold and Selset 1977) and a calcium binding 
protein, calmodulin (Flik et al. 1984). The relationship between these functional 
groups and their role in high or low affinity Ca2+ binding in freshwater fish has 
yet to be determined. Additionally, how these sites function in regulating gill ion 
and water fluxes appears to be poorly understood. 
Overall, our study demonstrated two distinct differences between LH and 
HH acclimated gills.  First, HH acclimated gills were significantly more 89 
permeable than LH acclimated gills when exposed to distilled water (pH 8.5) 
and second, the LH acclimated gill binding capacity (Bmax) was significantly 
greater than the HH acclimated gill binding capacity for the higher affinity sites 
(Figs. II.1A and II.7C). Based on these results we suggest that one role for 
these higher affinity Ca2+ binding sites is in gill membrane permeability 
regulation. McWilliams (1983) described two gill binding site types (type 1 and 
type 2) which differed in their affinity for Ca2+ and Na+ and suggested that the 
type 1 sites (higher Ca2+ binding affinity than type 2 sites) were primarily 
involved in membrane permeability regulation and type 2 sites could be involved 
in Ca2+ transport. Since branchial Ca2+ transport was separated from surface 
Ca2+ binding in our study it is unlikely that low affinity sites were involved with 
Ca2+ transport. Speculation on a role for these lower affinity sites is difficult 
and it may be possible that they represent a type of nonspecific binding which 
has no specific gill physiology function. Our results also suggested that gill 
microenvironment adaptational changes occur in response to the hardness of 
water in which fish live, resulting in altered branchial membrane permeability. 
These adaptational changes resulted in an increased number of high affinity 
Ca2+ binding sites in fish acclimated to LH compared to HH acclimated fish. 
Whether or not the increased number of high affinity sites was the result of 
additional gill epithelium functional groups or modification of these groups 
remains to be a subject for further study. 90 
Evaluation of Lanthanum Technique 
Our experimental protocol involved La3+ exposure of 45Ca preincubated gill 
arches resulting in two pools of gill arch Ca2+; 1) surface bound Ca2+ 
displaced by La3+ and 2) Ca2+ trapped in gill arches. Greater than 83% of 
total gill arch Ca2+ pools was removed after 900 s  La3+ incubations, without 
significant additional Ca2+ removal with longer La3+ incubation times (1800 s). 
Other studies (Reid and McDonald 1991) have shown La3+ to have a three-fold 
higher binding affinity for rainbow trout gills than Ca2+. McWilliams (1983) 
exposed 45Ca labeled brown trout gill arches to 2.0 mM LaCI3, which resulted in 
the rapid increase in the rate coefficient of 45Ca loss.  It was more difficult to 
verify the ability of La3+ to trap 45Ca in cells. La3+ blocked Ca2+ influx in 
rainbow trout gills with prevalent La3+ deposition along the apical surfaces of 
chloride cells, the proposed site of Ca2+ uptake via voltage independent Ca2+ 
channels. (Verbost et al. 1987; Perry and Flik 1988).  Intracellular Ca2+ 
concentrations were significantly greater in LH acclimated gills exposed to La3+ 
compared to LH acclimated gills exposed to choline chloride (Fig. 11.6). HH 
acclimated gill arch intracellular Ca2+ concentrations were not significantly 
different between arches exposed to La3+ and choline chloride. The 
significantly greater intracellular Ca2+ concentrations observed in LH acclimated 
arches exposed to La3+ were attributed to the lamellar chloride cell proliferation 
observed in these gills. Other studies have shown lamellar chloride cell 
proliferation in rainbow trout gills exposed to ion poor water (Perry and Wood 91 
1985; Laurent and Dunel 1980). The greater number of chloride  cells in LH 
acclimated gills would have provided more entry points (via voltage independent 
channels; Perry and Flik 1988) for passive Ca2+ influx versus HH acclimated 
gills where chloride cell proliferation was absent. Assuming  La3+ effectively 
blocked Ca2+ channels, the alternative route for 45Ca leakage was via 
paracellular pathways. This paracellular route has not been well characterized 
but the involvement of junctional areas between chloride cells and adjacent 
pavement cells or between neighboring pavement cells has been suggested 
(Perry and Flik 1988). Additionally, La3+ has not been shown to inhibit 
paracellular Ca2+ efflux (Perry and Flik 1988; Verbost et al. 1987), suggesting 
that 45Ca leakage could occur via this route. Verbost et al. (1987)  estimated 
Ca2+ efflux in saline-perfused rainbow trout head preparations to be 
approximately 0.040 aumol-h-1 -100 g fish-1, which roughly approximates as 
0.001 Almo1-15 min -1 gill arch-1 (assuming equal weight of the 8 gill arches in a 
100 g fish). Based on this estimate, approximately 0.001 pmol of Ca2+ could 
have been lost from each gill arch during our 15 min La3+ exposures. 
Preliminary La3+ experiments (Fig. 11.6) showed that an average of 0.028 gmol 
of Ca2+ accumulated in each gill arch (mean weight = 0.39 g), indicating that 
the potential 0.001 gmol Ca2+ lost during La3+ exposures would only be 4% of 
total Ca2+ taken up into gills. 
Presently, Ca2+ influx is thought to occur via passive diffusion through 
voltage independent channels, located on the apical surface of chloride cells, 92 
followed by active transport across the basolateral membrane into the interstial 
fluid (Payen et al. 1981; Perry and Flik 1988; Perry et al. 1992).  Ca2+ entering 
the cytosol could be pumped into the gill interstitial fluid in our in vitro system, 
assuming basolateral Ca2+-ATPase remains functional during the 12 min 
incubations. Notwithstanding, Ca
2+  accumulation in the cytosol would continue 
until equilibrium was reached with the external medium. Rough  estimates of 
rainbow trout gill Ca2+ influx (Verbost et al. 1987; Perry and Flik 1988) 
predicted that approximately 0.04 to 0.05 pmol of Ca2+ could enter each gill 
arch in our in vitro system (12 min incubation times in 0.78 mM  Ca2+ for a gill 
arch from a 100 g fish). This approximation is close to what was actually 
measured in our 1 mM Ca2+ exposures (0.07  0.09 Arno! Ca2+.g-1 rz, 0.02 ­
0.03 gmol Ca2+ -gill arch-1), suggesting that our measurements  of Ca2+ in gill 
arch homogenates, largely consisted of Ca2+ that had accumulated in the 
cytosol and/or interstial spaces of gill arches. 
Overall, Ca2+ accumulation into gill arches during Ca2+ binding experiments 
was substantial and accounted for 17 to 32% of total gill Ca2+ content (Fig 
lI.7B). This approach of measuring intracellular Ca2+ may be an improvement 
over previous studies which incubated gill arches in 45Ca followed by 
quantitation of total gill arch Ca2+ (Reid et al. 1991; Reid and McDonald 1991). 
While these studies assumed insignificant gill arch intracellular Ca2+ uptake, our 
intracellular Ca2+ pool estimates suggest it was large enough to influence Ca2+ 
binding results. Reid and McDonald (1991) estimated KD and  Bmax for HH 93 
acclimated rainbow trout gills (from saturable binding data) as 1.0 mM and 0.3 
Amol-g-1 respectively which differed from our estimates for HH acclimated trout 
gills, particularly the KD estimate (KD = 0.2 mM; Bmax = 0.2 Amol-g-1).  If our 
surface bound Ca2+ measurements were combined with intracellular Ca2+ 
measurements and used for binding parameter estimates, differences between 
low and high affinity Ca2+ binding were masked (ie. hyperbolic binding curves 
and linear Scatchard plots). 
Aluminum Effects on Gill Ca2+ Interactions 
The only noticeable gill permeability aluminum effects was in the low Ca2+ 
(0.1 mM) and aluminum (0  37 MM) exposures at weakly alkaline pH (Fig. 
II.3A). HH acclimated gills were significantly more permeable than LH 
acclimated gills exposed to low Ca2+ and aluminum. This permeability 
difference was insignificant for arches incubated in high Ca2+ (1 mM) and 
aluminum (Fig. II.3B) and in 0.1 mM Ca2+ without aluminum (Fig. II.2B), 
suggesting that HH acclimated gills were more vulnerable to aluminum effects 
on gill permeability than LH acclimated gills.  Perhaps resistance to aluminum 
actions on gill arch permeability exhibited by LH acclimated gills was related to 
the proposed Ca2+ binding differences.  If Ca2+ displacement by aluminum 
caused increased gill permeability, then LH acclimated gills were potentially 
more resistant to aluminum permeability effects due to higher numbers of high 
affinity Ca2+ binding sites versus HH acclimated gills. Aluminum had no gill 94 
permeability effects on LH or HH acclimated gills in high Ca2+ water. Ca2+ 
protected against aluminum-induced ion loss at low pH in brown trout (Brown 
1983), brook trout (Booth et al. 1989) and rainbow trout (Play le et al. 1989). 
Our laboratory demonstrated hardness (Ca2+ and Mg2+) protection against 
subacute aluminum-related mortalities in juvenile rainbow trout at weakly alkaline 
pH (Gundersen et al. 1994). Attenuation of aluminum toxicity by Ca2+ indicated 
a competition between aluminum and Ca2+ for gill binding sites. 
Similar to permeability results, aluminum had only a small effect on HH 
acclimated gill arch Ca2+ binding (Table 11.1) and did not affect Ca2+ uptake in 
either LH or HH acclimated gills. The subtle aluminum permeability and Ca2+ 
binding effects were attributed to the absence of gill microenvironment influence 
on aluminum speciation. Obviously, isolated gill arches used in our experiments 
lacked blood circulation through the gills, thus, losing the ability to exchange 
plasma ions and respiratory gases, which influence the gill microenvironment 
pH. Carbon dioxide excretion across the gills acidifies weakly alkaline water 
due to a carbonic anhydrase catalyzed reaction which hydrates CO2 into HCO3 
and H+ ions (Randall and Wright 1989; Play le and Wood 1989a). This gill 
microenvironment pH influence can alter aluminum speciation, forming species 
that more readily deposit onto the gills (Play le and Wood 1989b; Play le and 
Wood 1990; Neville and Campbell 1988), possibly displacing surface  bound 
Ca2+ or blocking apical Ca2+ channels. Based on the relationship between 
aluminum speciation and pH (Burrows 1977) most aluminum in our gill arch 95 
incubations (pH 8.3  8.5) existed as a soluble anionic form Al(OH)4 .  It seemed 
unlikely that this negatively charged species could displace Ca2+ from sites 
favoring cation binding. This may also be the reason why we saw no affects of 
aluminum on gill Ca2+ uptake, since large cations such as La3+ have been 
shown to be effective apical Ca2+ channel blockers in rainbow trout gills 
(Verbost et al. 1987; Perry and Flik 1988).  Previously, our laboratory has 
reported that subacute Al(OH)4 exposure to juvenile rainbow trout at weakly 
alkaline pH (8.0  8.6) resulted in significant mortalities which was attenuated by 
increasing the water hardness (Gundersen et al. 1994).  We suggested that the 
observed mortalities were due to aluminum speciation shifts into forms that 
more readily bound to the gills, which was caused by gill microenvironment pH 
changes. Thus, without the gill microenvironment influence, aluminum had little 
effect on gill Ca2+ interactions. 
Clearly, the use of isolated gill arches for examining gill permeability and gill 
Ca2+ interactions was effective, particularly, using the metal  La3+ to separate 
surface bound Ca2+ from intracellular Ca2+ uptake. Following gill surface 
bound Ca2+  removal by La3+, measurements of Ca2+  left in gill arch 
homogenates was thought to predominantly consist of intracellular Ca2+ due to 
measured concentrations being close to predicted values. Using these 
methods, two gill surface binding site populations were discovered, which 
differed in their Ca2+ binding affinity.  It was thought that the higher affinity 
surface Ca2+ binding sites were associated with gill membrane permeability 96 
since LH acclimated gills had more of these high affinity sites and less 
permeable gills than HH acclimated gills.  Further characterization of these 
binding sites and their chemical and functional properties is warranted, 
particularly testing more concentrations for each binding site population. 
Aluminum had little effect on gill permeability and gill Ca2+ interactions, possibly 
due to the majority of incubation solution aluminum existing as an anion 
(Al(OH)4 ), which may not be reflective of aluminum speciation at the gill 
microenvironment. Our in vitro system can be useful for looking at metal effects 
on gill Ca2+ interactions and gill permeability, providing that the pH of the 
incubation medium is more reflective of gill surface pH in vivo and pH is 
considered in data interpretations. 97 
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CHAPTER IV.  SUMMARY 
The objective of this study was to better understand water quality 
modulation of aluminum toxicity to rainbow trout, particularly from a biological 
and physiological perspective. Sixteen-day and 96-h toxicity tests showed that 
in the near neutral to weakly alkaline pH range, pH and filterable aluminum were 
the most important survival determinants in rainbow trout fingerlings. Total 
aluminum appeared to be a more important determinant of growth inhibition. 
Hardness and humic acid reduced subacute aluminum toxicity. Humic acid 
reduced aluminum effects on growth and survival and hardness only reduced 
aluminum-related mortalities. These results suggested that government 
agencies (USEPA 1988 and OMOE 1988) could issue more defined criteria, 
pending further studies. Based on mortality being the most serious aluminum 
effect, it would appear that Al(OH)4- was the most toxic aluminum species in our 
study. This hypothesis was based on mortality increasing with filterable 
aluminum concentration and filterable aluminum concentrations measured at 
concentrations near the theoretical solubility, where most of the aluminum exists 
as Al(OH)4-. organically complexed aluminum appeared relatively nontoxic. 
The use of isolated gill arches for examining gill permeability, gill Ca2+ 
interactions and the effects of hardness acclimation and aluminum exposure on 
these branchial processes was effective.  Particularly, the use of La3+ to 
separate gill surface bound Ca2+ from intracellular Ca2+ uptake. Two gill 103 
surface binding site populations were resolved, differing in their Ca2+ binding 
affinity. The higher affinity binding sites were associated with gill permeability 
since gills from trout acclimated to low hardness were less permeable and had 
more of these high affinity sites than gills from trout acclimated to high 
hardness. Aluminum had little effect on gill permeability and  gill Ca2+ 
interactions, possibly due to the majority of incubation solution aluminum 
existing as Al(OH)4 , which may not be reflective of aluminum speciation at the 
gill microenvironment. 104 
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